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Abstract 
Adsorbents with Chen~ically Bonded Saccharide Surfaces: Synthesis and Application for 
Stereoisomer Separation 
The Synthesis of Chiral Porous Silica Materials using Templated Chiral Surfxtants 
Edwin Vega 
Doctor of Philosophy in Chemistry 
Seton Hall University 
Dr. Cecilia H. Marzabadi and Dr. Alexander Fadeev, Advisors 
Stereoisomeric separation is a common and at times difficult problem. Using 
chiral materials as stationary phases for stereoisomeric separations is a common practice. 
Saccharides have inany stereocenters making them ideal for stereoselective recognition. 
They are natural products that are relatively inexpensive. They typically contain 
numerous functional groups which are mainly hydroxyl groups. Some saccharides have 
at least one amino group. Our research has focused mainly on the design and synthesis of 
materials with defined surface structures containing saccharides and the subsequent study 
of their use in separating stereoisomers such as derivatized monosaccharides, Pirkle's 
alcohol, and cis- and trcm-stilbene oxide. In addition, we have attempted 
pseudomorphic transforn~ations of Prodigy and SBA-15 silica to helical silica forms 
using chiral surfactants. 
It is known that carbon-sulfur bonding is hydrolytically stable" and 
carbohydrates linked to silica in this fashion have not been reported in the literature. For 
this reason, we have prepared a series of peracetylated-I-thiol-saccharide analogq (1, 3, 7 
and 13 glucose units). Thc synthesis of peracetylated-I-thiol-saccharides is demonstrated 
in Chaptcr 1. These ligands were characterized by high pressure liquid chromatography 
(MPLC), mass spectrometry (MS), ultraviolet (UV), circular dichroism (CD), matrix- 
assisted laser desorption/ionization (MALDI) and nuclear magnetic resonance (NMR). 
Peracetylated-1-thiol-saccharides were used as ligands on our new class of 
adsorbents in which a thiol group links peracetylated saccharides to silica through an 
epoxy-silane linker, glycido-oxypropyl trimethoxysilane. The preparation of these 
trimethoxysilylated saccharides are also described in Chapter 1. The saccharide 
stationary phases were prepared using two methods: (1) the direct incorporation of 
derivatized saccharides onto the silica structure in a process known as co-condensation 
and, (2) post-synthesis grafting-direct immobization methods. 
Chapter 2 discusses the synthesis of inesoporous silica with a well-ordered 
network of porous materials. These materials were prepared using co-condensation of 
tetraethyl orthosilicate (TEOS) with trimethoxy-silylated derivatives of peracetylated 
glucose, maltotriose, and maltoheptaose affording ordered mesoporous SBA-15 type 
silicas. The post synthesis grafting method was performed by modifying Prodigy silica 
with analogs (1, 3, 7 and 13 glucose units) following direct immobilization and surface 
chemical assembly approaches. The post synthesis grafting of the saccharide Prodigy 
silica materials is described in detail in Chapter 3. The resulting materials from 
saccharide SBA-15 type and Prodigy silicas were characterized by FTIR, nitrogen 
vii 
isotherms, TGA, elemental analysis and TEM (for SBA-15 type silica). The saccharide 
silica stationary phases prepared have been evaluated in normal phase and revesse phase 
HPLC stereoisomeric separations. 
Chapter 4 focuses on the synthesis of chiral mesoporous silicas using the anionic 
chisal surfactant, N-myristoyl-L-alanine, and the cationic oligosaccharide, chitosan. In 
order to synthesize these silicas, co-condensation and pseudomorphic transformation 
techniques were used. These materials were prepared using different temperatures, aging 
and pH. The resulting materials were characterized by nitrogen isotherms and TEM. 
TEM data suggests that the new silica forms could have an ordered helical porous 
structure. 
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Chapter 1 Synthesis of peracetylated-1-thiol-saccharides and their 
trimethoxysilyl derivatives 
R~* AcO SH 
, 
OAc 
R , s S / r . w L O -  AcO 
OAc OH 0 
AcO OAc 
Abstract 
Thc synthesis of a series of peracetylated-1-thiol-saccharides and thcir 
trimethoxysilyl derivatives is described in this chapter. They were prepared from the 
parent saccharides: glucose, maltotriose, maltoheptaose, maltooctaose and maltodextrin. 
Here, the ano~neric thiol group of the peracetylated saccharides was rcacted with a 3- 
glycidoxypropyl trimethoxysilane linker affording novel silane peracetylated-1-thio- 
saccharides after the epoxy ring opening. These previously unreported, derivatized silane 
saccharides contain a carbon-sulfur bond known to be hydrolytically stable. These 
ligands were characterized by high pressure liquid chromatography (HPLC), mass 
spectrometry (MS), ultraviolet (UV), circular dichroism (CD), matrix-assisted laser 
deso~-ption/ionization (MALDI) and nuclear magnetic resonance (NMR). The 
tri~nethoxysilyl peracetylated-1-thio-saccharides were used as ligands for the surface of 
our new adsorbents. 
Introduction 
Carbohydrates are among the most important and abundant natural products. 
They play important roles in ~nolecular ecognition events and the processes that occur in 
inflammation and cancer metastasiss4 and they are known to have interactions with 
proteins. In addition, they have optical activity. Thus, they also can be used as ligands 
for enantiomeric separation. The most popular carbohydrates used for chiral stationary 
phases (CSPs) are cyclodextrins, cellulose and amylosic phases.5 These saccharides are 
not used in their native forms due to their poor resolution capacity and problems with 
handling these highly polar mo lecu le s .~he i r  hydroxyl groups ore typically protected 
with various organic functional groups such as ethers and esters. 
Okamoto et a16 l 0  were some of the first pioneers to synthesize polysaccharides 
and use them as ligands for chiral recognition. These syntheses were based on the 
formation of esters and carbamates of amylose and cellulose. Triphenylcarbamate 
derivatives of amylose and cellulose were used for the investigation of 
enantio~eparation.~- '~ Triphenylcarbaniates are typically prepared by using an excess of 
phenylisocyanate in dry pyridine at about 100 'c. The crude products are isolated by 
recrystallization from methanol. Since cellulose and cyclodextrins are well known for 
their chiral selectivity, i t  is expected that other smaller, linear saccharides will have 
similar behavior." It is surprising that chiral recognition with these smaller saccharides 
has not been deeply studied since they play an important role at biological cell surfaces." 
Olaf Miller and Jurgen Schulze investigated the enantioselective properties of 
chiral stationary phases (CSPs) containing the monosaccharides D-glucose and 2-amino- 
2-deoxy-D-glucopyranose (glucosamine).13-14 They chemically added the 
monosaccharide derivatives and bound them on aminopropyl silica gel for use as CSPs. 
The selectivity of these CSPs was investigated using a series of p-blockcr drugs. The P- 
blockers were converted into phenyl urcthanes for analysis. Miller and Schulze 
concluded that derivatized monosaccharides could be used as an alternative for the 
separation of 13- blockers and other secondary amine enantiomers. 
~ t a l c u ~ "  took a similar approach and investigated the chiral selectivity of 
oligosaccharide mixtures. He derivatized these oligosaccharide mixtures as 
ethylcarbamates and bound them onto silica gel. With these CSPs, he was able to scparate 
several chiral compounds such as amines and amino acids. He concluded that one of the 
advantages of using smaller sugars for a CSP is that it allows for a higher concentration 
of bonded ligand than cyclodextrin and polysaccharides and that these CSPs have a 
potential use for enantioselective separations. 
~ b u r a t a n i ' ~  also reported the enantioselectivity of different sizes of derivatized 
polysaccharides coated onto a silica gel substrate. Cellooligosaccharide, 
maltooligosaccharide, cyclodextrin and polysaccharide derivatives were reacted with 3, 
5-dimethylphenylcarbamate. These sugars were coated onto an activated silica gel (3- 
aminopropylsilylated silica gel). The highly ordered structure and the chiral selectivity of 
the materials were compared between the different bound sugars by circular dichroism 
(CD). Aburatani concluded that similar ordered structures of oligosaccharides provided 
similar chiral recognition. In addition, he stated that the type of the alcohol protecting 
group on the sugars influenced the enantioselectivity of the stationary phase. The 
importance of the sugar derivative on the stereoselectivity had to do with the type of 
chemical interaction between the derivatives and the enantiomeric analytes, such as 
hydrogen bonding, dipole-dipole and n:- n: interactions. 
There have been many reports in the literature of derivatized oligosaccharides 
covalently bound to modified silica using the allylamino'6 functionality, and even by a 
Schiff base.17 The drawback of derivatizing surfaces using carbon-nitrogen double bonds 
is the potential instability of these functional groups under hydrolytic conditions. To the 
best of our knowledgc, thioglycosides have never been investigated in regards to their 
role in stereoisomer separation. Our goal was to have a novel thiol group on the 
anomeric carbon of a derivatized sugar and covalently bind it to an activated silica gel for 
stereoisomeric recognition. A thiol group is a good nucleophile and can react with an 
epoxy-linker, glycido-oxypropyl trimethoxysilane. This reaction makes a hydrolytically 
stable carbon-sulfi~r-carbon bond after ring opening. 
In this thesis, the synthesis of the three major components of our new chiral 
adsorbents is described. The first component is a peracetylated-I-thiol-saccharide used 
as a chiral selector. The synthesis of a series of these compounds is described in detail in 
this chapter. The second component is a glycido-oxypropyl trimethoxysilane linker. The 
reaction between the thiol saccharide and this second component is also discussed in this 
chapter. The modification of silica, the third component, is described in detail in Chapter 
2, Chapter 3 and Chapter 4. 
Experimental 
Chemicals and Materials 
2,3,4,6-tetra-0-acetyl- 1 -thiol-glucopyranose, n~altotriose, maltohepatose, maltodextrin 
(dextrose equivalent 4.0-7.0), 3-glycidoxypropyl-trimethoxysilane (GOPTMS), 
Chromosolv plus grade acetone (dry with molecular sieve), thiourea, acetic anhydride, 
33% HBr in acetic acid, sodium pyrosulfite, and potassium phosphate dibasic were 
obtained from Sigma Aldrich Chemical Company. Maltooctaose was obtained from 
Carbosynth (UK). 
Instrumeizts 
I H and 2D-COSY 'H-'H correlation experiments were recorded with Varian Inova 500 
MHz (5 mm Varian BB Direct Observe probe) and Bruker Avance 600 MHz (5mm z- 
gradient TCI cryoprobe) spectrometers. Mass spectrometry was performed with an ion 
trap mass spectrometer (Thermo Scientific Instruments, Finnigan LCQ Deca XP MAX), 
MALDI (Bruker autoflex matrix-assisted laser desorptionlionization - time-of-flight Mass 
spectrometer). Elemental analyses were performed by Robertson Microlit Laboratories 
(Madison, NJ). Preparative scale, chromatography was conducted with Agilent 1100 
preparative LC-MS. ESI+ reverse phase HPLC (Phenomenex Gemini C18, 10 pm, 21.2 
X 250 mm). HPLC conditions: flow rate 22 mLlmin; 30 OC; mobile phase (A) 5 mM 
ammonium formate aqueous, (B) acetonitrile; gradient: 0-25 min, 90 + 10% A, 10 
+90% B. HPLC analytical experiments were performed with an HP Agilent 11 10 
series, DAD detector interfaced to ChemStation software and MS interfaced to Xcalibur 
software (Atlantis T3, dC18 columns, 4.6 X 150 mm, 3 pm). HPLC conditions: flow 
rate 1.0 mLImin; 35 'c; mobile phase (A) 5 rnM ammonium formate aqueous, (B) 
acetonitrile; gradient: 0-25 min, 80 +O% A, 20 +lo070 B. HPLC-circular dichroism 
experiments were performed with an Agilent 1100-Jasco CD-1595 circular dichroisin 
detector interfaced to Empower I1 software. 
Synthesis of peracetylated-I-thiol-saccharides series (rz=I, 3, 7, 8, 13) 
The synthetic pathway for the preparation of the peracetylated- 1 -thiol-saccharides (PA- 1- 
thiol-Sac) series is shown in Figure 1- I .  These derivatized saccharides were prepared 
following the procedure reported in the with some minor modifications. 
2,3,4,6-tetra-0-acetyl-1-thiol-glucopyranose (thiol Glc) is con~mercinlly available 
(Sigma-Aldrich). However, the thiol Glc was synthesized once to find the optimum 
conditions for preparing larger saccharides. The structures of the derivatized saccharides 
are shown in Figures 1-2, 1-3, 1-4, 1-5 and 1-6 
Figure 1-1: Synthesis of peracetylated-1-thiol-saccharides 
Native saccharide Peracetylated-I -thiol- 
saccharide 
(1) Acetic anhydride, 33% HBrlacetic acid; (2) 33% HBrIacetic acid, dichloromethane; 
(3) acetone, thiourea, reflux; and (4) sodium pyrosulfitelwater (0. IgImL), reflux. 
Synthesis of 2,3,4,6-tetra-0-acetyl-glucopyranosyl bromide (2) 
Penta-0-acetyl-p-D-glucopyranose (3.2 g, 8.2 nmol) 1 was dissolved in dichloromethane 
(40 111L). While stirring in an ice-water bath, a solution of HBr in acetic acid was added 
slowly (33% HHBr/acetic acid, 8 mL) to the mixture. After 30 minutes, thc reaction was 
quenched with cold dichloromethane and washed with ice-water followed by a cold, 
saturated NaHCO? solution. The organic solvent was dried (Na2S04), filtered and 
concentrated in vncuo affording crude 2 (3.3 g, 8.0 mmol, 96% yield) as an-off-white 
solid. 'H-NMR data was consistent with the data reported by ~ l d r i c h . ~ '  
Sylztlzesis of 2,3,4,6-tetra-0-acetyl-1-thiol-glucopyranose (4) 
2,3,4,6-tetra-0-acetylglucopyranosyl bromide 2 (2.5 g, 6.1 nlmol) was dissolved in dry 
acetone (5 mL). Thiourea (0.5 g, 6.6 mnlol) was then added to the solution and it was 
heated to reflux. The mixture was maintained at reflux temperature under nitrogen for 35 
minutes (precipitation occurred). The solid mixture was recrystallized from isopropanol 
to afford 3 (2,3,4,6-tetra-0-acetyl-pseudothio-glucopyranose) as an off-white solid. The 
disappearance of the starting material 2 was monitored by HPLC-UV-CD and 'H-NMR 
(500 MHz, CDCI?). 2,3,4,6-tetra-0-acetyl-pseudothio-glucopranoe (3.0 g) was then 
dissolved in dichloromethane (30 mL) and a solution of sodium pyrosulfite (1.5 g) in 
water (15 mL) was added. Next, the mixture was heated at 40 OC for 45 minutes. After 
cooling, the organic layer was separated and washed with water (30 I ~ L )  and with brine 
(30 mL). The organic mixture was dried (Na2S04), filtered and concentrated iiz vnclro to 
afforded the crude thiol product 4. The crude 2,3,4,6-tetra-0-acetyl-I-thiol- 
glucopyranose 4 was recrystalized from methanol to afford pure 4 (2.0 g, 5.5 mmol, 90% 
yield) as an-off-white solid. 'H-NMR, 'k-NMR and FTIR data were consistent with the 
spectra in the ~ l d r i c h . ~ ~  
Figure 1-2: Structures of monosaccharide derivatives 
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Synthesis of peracetylated-1-Br-inaltotriose (7) 
Maltotriose 5 (3.0 g, 5.9 mmoles) was dissolved in acetic anhydride (30 mL). While 
stirring in an ice-water bath, a solution of HBr in acetic acid was added slowly (33% 
HBrIacetic acid, 13 mL) to the mixture. A clear colorless/faint yellow solution indicated 
completion of peracetylation after 90 minutes. The reaction was quenched with cold 
dichloromethane (30 mL) and washed with ice-water (30 mL) and cold saturated 
NaHC03 solution (30 mL). The organic solvent was dried (Na2S04), filtered and 
concentrated iiz vacuo. The crude, peracetylated maltotriose (5.5 g, 5.7 nmol) was 
dissolved in dichloromethane (70 mL). While stirring in an ice-water bath, a solution of 
HBr in acetic acid was added slowly (33% HBrJacetic acid, 13 mL) to the mixture. After 
60 minutes, the sol~ition was washed with ice-water and cold saturated NaHC03 solution. 
The organic solvent was dried (Na2S04), filtered and concentrated in vncuo to afford 7 
I (5.6 g, 5.7 mmol, 96% yield) as an off-white solid. H-NMR data was consistent with the 
literature va~ues .~"  
Synthesis of peracetylated-1 -thiol-maltotriose (9) 
The peracetylated-1-Br-maltotriose 7 (5.3 g, 5.4 mmol) was dissolved in dry acetone (12 
mL). Thiourea (0.83 g, 10.9 mmol) was then added to the solution and it was brought to 
reflux. The mixture was maintained at reflux temperature under nitrogen for 60 minutes 
(precipitation occurred). The solid mixture was recrystallized from isopropanol to afford 
8 (peracetylated-l-pseudothio-maltotriose) as an off-white solid. The disappearance of 
the starting material 7 was monitored by HPLC-UV-CD and 'H-NMR (500 MHz, 
CDC13). The peracetylated-I-pseudothio-maltotriose 8 (6.2 g) was dissolved in 
dichloromethane (60 mL) and a solution of sodium pyrosulfite (3 g) in water (30 mL) 
was added. The mixture was heated at 45 'C for 45 minutes. After cooling, the organic 
layer was separated and washed with water (30 mL) and with brine (30 mL). It was dried 
(Na2S04), filtered and concentrated in vacuo. Recrystallization from methanol afforded 
the crude thiol product 9. The crude peracetylated- 1 -thiol-maltotriose was further 
purified by preparative elution chromatography (2.9 g, 3.1 mmol, 57% yield) to afford 
the thiol maltotriose as white solid. 'H-NMR (600 MHz, CDCI3): 6 4.6 1 (dd, 1 H, J1,2 = 
11.5 Hz, J I , S ~ =  9.6 Hz, H-I), 2.27 (d, IH, JSHs1 = 9.6 Hz, SH), 2.20-2.00 (cluster of s, 10 
OAc); 'k-NMR (15 I MHz, CDC13): 6 170.66, 170.60, 170.55, 170.5 1, 170.35, 169.96, 
169.90, 169.82, 169.70, 169.46, 95.87, 95.69, 78.18, 76.47, 75.95, 74.38, 73.74, 72.55, 
7 1.67, 70.44, 70.10, 69.37, 69.04, 68.52, 67.88, 63.13, 62.29, 6 1.37, 21.00-20.50 (cluster 
Figure 1-3: Structures of maltotriose and its derivatives 
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Synthesis o f  peracetylated-1 -Br-inaltoheptaose (1 2)  
Maltoheptaose 10 (1.0 g, 0.87 mmol) was dissolved in acetic anhydride (28 mL). While 
stirring, a solution of 33% HBr in acetic acid (3 mL) was added slowly to the mixture. A 
clear, colorless/faint yellow solution indicated conlpletion of peracetylation after 8 hours. 
The crude mixture solution was quenched with cold dichloromethane (30 mL) and 
washed with ice-water (30 mL) and cold saturated NaHCOB solution (30 mL). The 
organic solvent was dried (Na2S04), filtered and concentrated in v c ~ ~ i o .  The crude, 
peracetylated maltoheptaose 11 (1.8 g, 0.85 mmol) was dissolved in dichloromethane (36 
mL). While stirring in an ice water bath, a solution of HBr in acetic acid was added 
slowly (33% HBrIacetic acid, 5 mL) to the mixture. After 90 minutes, the solution was 
washed with ice -water and cold saturated NaHC03 solution. The organic layer was 
dried (Na2S04), filtered and concentrated irz vacua to afford 12 (1.7 g, 0.79 mmol 91% 
I yield) as an off-white solid. H-NMR data was consistent with the literature values." 
Synthesis of peracetylated-1 -th iol-~naltoheptaose (14) 
The peracetylated-1-Br-maltoheptaose (1.45 g, 0.68 mmol) was dissolved in dry acetone 
(7 mL). Thiourea (0.28 g, 3.7 mmol) was then added to the solution and it was brought to 
reflux. The mixture was maintained at reflux temperature under nitrogen for 3 h (some 
precipitation occurred). The crude mixture was filtered and concentrated irz vacuo. The 
solid, crude mixture was recrystallized from isopropanol to afford 13 (peracetylated-1- 
pseudothio-maltoheptaose) as an off-white solid. The disappearance of the starting 
material 12 was monitored by HPLC-UV-CD and 'H-NMR (500 MHz, CDC13). The 
peracetylated-I-pseudothio-maltoheptaose (1.8 g) was dissolved in dichloromethane (20 
mL) and a solution of sodium pyrosulfite (1.0 g) in water (10 mL) was added. The 
rnixturc was heated at 45 "C for 45 minutes. After cooling, the organic layer was 
separated and washed with water ( 15 mL) and with brine (I5 mL). The organic layer was 
dried (Na2S04) and filtered. The mixture was then concentrated in vncw and the crude 
product was recrystallized from methanol to afford the thiol product 14. The crude thiol 
inaltoheptaose 14 was further purified by preparative elution chromatography (0.8 g, 0.9 
I mrnol, 56% yield) to afford the peracetylated-I-thiol maltoheptaose as white solid. H- 
NMR (600 MHz, CDC13): 6 4.59 (dd, 11-1, J1 ,2  = 11.5 HZ, JI,SH = 9.6 HZ, H-I), 2.25 (d, 
IH, JSH.I = 9.6 Hz, SH), 2.20-2.00 (cluster of s, 22 OAc); 'k-NMR (15 1 MHz, CDC13): 
6 170.74 (3), 170.67 (3), 170.55, 170.44, 170.42, 170.38 (2), 170.37 (2), 169.96, 169.89, 
169.76, 169.60, 169.55, 169.5 1, 169.45 (3), 95.74 (3), 95.70, 95.64, 95.62, 78.19, 76.40- 
67.50 (cluster of s, 28 CH), 63.08, 62.46, 62.38, 62.33 (2), 62.14, 61.35, 21.00-20.40 
(cluster of s, 22 OCH3). 
Figure 1-4: Structures of maltoheptaose and its derivatives 
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Sylztlzesis of peracetylated-1-Br-maltooctaose (17) 
Maltooctaose 15 (0.9 g, 0.68 mmoles) was dissolved in acetic anhydride (28 mL). While 
stirring, a solution of HBr in acetic acid was added slowly (33% HBrJacetic acid, 3 mL) 
to the mixture. A clear, colorless/faint yellow solution indicated completion of 
peracetylation after 10 hours affording a crude mixture of peracetylated maltooctaose 16. 
The reaction was quenched with cold dichloromethane (25 mL) and washed with ice- 
water (25 mL) followed by cold saturated NaHC03 (25 mL). The organic layer was dried 
(Na2S04), filtered and concentrated in vllcuo. The crude peracetylated rnaltooctaose (1.7 
g, 0.71 ~nrnol) was dissolved in CH2C12 (35 mL). While stirring in an ice bath, a solution 
of HBr in acetic acid was added slowly (33% HBrke t i c  acid, 5 mL) to the mixture. 
After 2 hours, the solution was washed with ice-water (35 mL) and cold saturated 
NaHC03 solution (35 mL). The organic solvent was dried (Na2S04), filtered and 
concentrated in V U C L ~  to afford 17 (1.5 g, 0.61 mmol, 89% yield) as an off-white solid. 
'H-NMR data was consistent with the literature  value^.^" 
Synthesis of pei-acetylated-1-thiol-inaltooctaose (19) 
The peracetylated-I-Br-maltooctaose 17 (1.4 g, 0.58 mmol) was dissolved in dry acetone 
(8 mL) and thiourea (0.30 g, 3.9 mmol) was added. The mixture was refluxed under 
nitrogen for 3 hours (no precipitation occurred). The crude mixture was filtered and 
concentrated in vacuo. The solid crude product was recrystallized from isopropanol to 
afford 18 (peracetylated-I-pseudothio-maltooctaose) as an off-white solid. The 
disappearance of the starting material 17 was monitored by HPLC-UV-CD and 'H-NMR 
(500 MHz, CDC13). The peracetylated-1-pseudothio-maltooctaose 18 (1.7 g) was 
dissolved in dichloromethane (20 mL) and a solution of sodium pyrosulfite (1.0 g) in 
water (10 mL) was added. The mixture was heated at 45 "C for 45 minutes. After 
cooling, the organic 1ayer.was separated and washed with water ( I5  mL) and with brine 
(15 mL). The organic layer was dried (Na2S04) and filtered. The mixture was then 
concentrated iir vcrc~io and the crude product was recrystallized from methanol to afford 
the thiol product 19. Crude 19 was further purified by preparative elution 
chromatography (0.7 g, 0.29 mmol, 50% yield) as a white a solid. 'H-NMR (600 MHz, 
CDC13): 6 4.60 (dd, lH, J1.2 = 1 1.5 HZ, J I q S H  = 9.6 HZ, H-1), 2.25 (d, IH, JSH. ,  = 9.6 HZ, 
SH), 2.20-2.00 (cluster of s, 25 OAc); 'k-NMR (151 MHz, CDC13): 6 170.95 (3), 
95.84 (3), 78.41, 76.80- 68.00 (cluster of s, 32 CH), 63.29, 62.86, 62.65, 62.59, 62.5 1 (2), 
62.35, 61.56, 2 1.20-20.40 (cluster of s, 25 OCH3). 
Figure 1-5: Structures of maltooctaose and its derivatives 
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Synthesis of peracetylated-1- Br-nzaltodecatriose (22) 
Crude nlaltodextrin 20 (3.0 g, 1.41 nmol) was dissolved in acetic anhydride (150 mL). 
While stirring, a solution of HBr in acetic acid was added slowly (33% HBrIacetic acid, 
20 mL) to thc mixture. A clear, colorlesslfaint yellow solution indicated completion of 
peracetylation after 2 days. The reaction was quenched with cold dichloromethane (300 
mL) and was washed with ice-water (400 mL) and cold saturated NaHCOl solution (250 
mL). The organic layer was dried (Na2S04), filtered and concentrated in vacuo. The 
crude peracetylated maltodecatriose (2.8 g, 0.73 mmol) was dissolved in dichloromethane 
(40 mL) and was cooled to 5 OC. A solution of HBr in acetic acid was added slowly (33% 
HBr/acetic acid, 6 mL) to the mixture. After 2 hours, the solution was washed with ice - 
water and cold saturated NaHC03 solution. The organic layer was dried (Na2S04), 
filtered, and concentrated in vucuo to afford 22 (1.8 g, 0.47 mmol, 33% yield) as an off- 
I white solid. H-NMR (600 MHz, CDC13): 6 6.60 (d, lH, J1 ,2  = 4.0 HZ, H-1), 2.20- 1.90 
(cluster of OAc); ' 3 ~ - ~ ~ ~  (15 1 MHz, CDC13): 6 171.00-169.00 (cluster of C=O), 
96.00-95.50 (cluster of anomeric CH), 86.06 (2), 73.00- 67.50 (cluster of s, CH), 21.00- 
20.20 (cluster of OCH3). 
Synthesis of peracetylated-1-thiol-nzaltodecatrios (24) 
The peracetylated-I-Br-maltodecatriose (1.8 g, 0.47 mmoles) was dissolved in dry 
acctone (9 mL). Thiourea (0.38 g, 4.3 mmoles) was then added to the solution. The 
mixture was maintained at reflux temperature under nitrogen for 3 hours (no precipitation 
occurred). The crude mixture was filtered and concentrated in vacuo. The solid mixture 
was recrystalized in isopropanol to obtain 23 (peracetylated-1-pseudothio- 
maltodecatriose) as an off-white solid. The disappearance of the starting material 22 was 
monitored by HPLC-UV-CD and 'H-NMR (600 MHz, CDC13). The peracetylated-1- 
pseudothio-maltodecatriose (2.2 g) was dissolved in dichloroinethane (22 mL) and a 
solution of sodium pyrosulfite (1.1 g) in water ( 1  1 mL) was added. The mixture was 
heated at 45 OC for 45 minutes. After cooling, the organic layer was separated and washed 
with water (25 mL) and with brine (25 mL). The organic layer was dried (Na2S04) and 
filtered. The mixture was then concentrated in vuci~o and the crude product was 
recrystallized in methanol to afford the thiol product 24. The crude peracetylated-1-thiol- 
maltodecatriose was further purified by preparative elution chronlatography (0.8 g, 0.2 1 
I 
mmol, 45%) as white solid. H-NMR (600 MHz, CDC13): 8 4.60 (m, 1 H, JIVSH = 9.6 Hz, 
H-1), 2.25 (d, lH, J S ~ , l  = 9.6 Hz, SH), 2.20-1.90 (cluster OAc); ' k - N M R  (15 1 MHz, 
CDC13): 8 171.00-169.00 (cluster of C=O), 96.00-95.50 (cluster of anomeric CH), 78.23 
(2), 2 1.00-20.20 (cluster of OCH3). 
Figure 1-6: Structures of mltodecatriose and its derivatives 
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Synthesis of trimethoxysilyl yeracetylated-I-thio-saccharides series @ = I ,  3, 7, 
13) 
The synthetic pathway for the preparation of the trimelhoxysilyl peracetylated-l- 
thio saccharides (Sil PA-I-thio-Sac) series is shown in Figure 1-7. The thiol functional 
group from the PA-1-thiol-Sac, reacted with the epoxy group of glycido-oxypropyl 
trimethoxysilane (GOPTMS) forming a carbon-sulf~~r-carbon bond after ring opening. In 
brief, peracetylated- I-thiol-saccharides were reacted with the GOPTMS (2-5 equivalents) 
in acetonitrile containing aqueous 10 n1M dibasic potassium phosphate (3: 1 ratio). The 
reaction was completed within 10 to I2 hours. The crude products from the reactions 
wcre then extracted with ethyl acetate and concentrated in vacrto. The structures of the 
trimethoxysilyl peracetylated-I-thio-saccharides are shown in Figures 1-8. 
Figure 1-7: Synthesis of the trimethoxysilyl peracetylated- 1-thio-saccharides 
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(1) acetonitrile, 10 mM K2HP04 in water, RT for 12 hours. 
Syiatlzesis of trii1zethoxysilyl2,3,4,6-tetra-O-acetyl-l-thio-glucopyra1aose (25) 
The 2,3,4,6-tetra-0-acetyl-1-thiol-glucopyranose (thiol Glc) (1.0 g, 2.7 mmol) 4 was 
dissolved in acetonitrile (30 mL). While stirring, GOPTMS (1.2 g, 5.0 mmol) and 
aqueous 10 mM dibilsic potassium phosphate (10 mL) were added to the solution. After 
8 hours, the solution was concentrated in vncuo. The crude product in aqueous solution 
was immediately extracted with ethyl acetate (2X, 25 mL). The organic solvent was 
dried (Na2S04), filtered and concentrated in vacito to afford crude 25 (1.7 g, 2.7 rnmol 
1 100% yield) as a pale-yellow oil. H-NMR (500 MHz, CD3SOCD3): 6 5.26 (dd, IH, J = 
10.7, 9.4 Hz, H-2), 2.10-1.90 (s, 4 OAc), 3.5 (s, OCH3); 'k-NMR (126 MHz, 
CD3SOCD3): 6 170.69, 170.20, 169.96 (2), 169.76 (2), 82.98, 82.75, 75.02(2), 73.97, 
73.90, 73.69, 73.20, 73.14, 71.82, 70.58, 70.40, 69.77, 69.71, 68.85, 62.62, 51.02, 50.66 
(2), 44.08, 34.43, 34.16, 23.19, 23.14, 21.13, 21.10, 21.08, 21.05, 20.96, 5.48. 
Synthesis of trinzetlzoxysilyl peracetylated-1-thio-maltotriose (26) 
Peracetylated-1-thiol-maltotriose (thiol triose) (0.90 g, 0.96 mmol) 9 was dissolved in 
acetonitrile (30 mL). While stirring, GOPTMS (0.64 g, 2.72 mmol) and aqueous 10 mM 
dibasic potassium phosphate (10 mL) were added to the solution. After 10-12 hours, the 
solution was concentrated in vacuo. The crude product in aqueous solution was 
immediately extracted with ethyl acetate (2X, 25 mL). The organic solvent was dried 
(Na2S04), filtered and concentrated in vacilo to afford crude 26 (1.1 g, 0.94 mmol, 98% 
yield). 'H-NMR (500 MHz, CD3SOCD3): 6 5.31 (dd, lH, J = 10.7, 9.0 Hz, H-2), 2.10- 
1.90 (cluster of s, 10 OAc), 3.56 (s, OCH3); ' ~ - N M R  (126 MHz, CD3SOCD3): 
6 170.76 (2), 170.67, 170.63, 170.57, 170.23, 170.18, 170.12, 169.88, 169.84, 96.22, 
Sy~zthesis of trim etlzoxysily 1 peracetylated- 1 -tlzio-maltoheptaose (2 7) 
Peracetylated- I-thiol-maltoheptaose (1.0 g, 0.48 mmol) 14 was dissolved in acetonitrile 
(30 mL). While stirring, glycido-oxypropyltrimethoxysilane (0.54 g, 2.26 mmol) and 
aqueous 10 mM dibasic potassium phosphate (10 mL) were added to the mixture. After 
10-12 hours, the solution was concentrated iil vcrcuo. The crude product in aqueous 
solution was immediately extracted with ethyl acetate (2X, 25 mL). The organic solvent 
was dried (Na2S04), filtered and concentrated in vacuo to afford crude 27 (1.14 g, 0.48 
mmol, 99% yield). 'H-NMR (500 MHz, CDC13): 6 5.10 (dd, lH, J =  11.0, 10.0 Hz, H-3), 
2.20-1.90 (cluster of OAc), 3.56 (s, OCH3). I"-NMR (126 MHz, CDC13): 6 170.93 (3), 
170.89 (3), 170.85, 170.76, 170.65, 170.62, 170.58 (3), 170.20, 169.97, 169.87, 169.84, 
169.79, 169.76, 169.67 (2), 169.5, 96.20-95.60 (cluster of anomeric CH), 84.00, 83.66, 
76.46, 76.36, 73.77 (2), 73.6 1, 73.39 (2), 73.13, 72.54, 71.94 (2), 71.89 (2), 71.60, 70.64 
(3), 70.26, 70.2 1, 69.58, 69.28, 69.15 (2), 68.67, 68.16, 62.95, 62.55 (4), 62.37, 6 1.58, 
5 1.10, 50.77, 50.75,44.55, 23.02, 2 1.20-20.60 (cluster of OCH3), 5.6 1, 5.48. 
Synthesis of trimethoxysilyl peracetylated-I-thio-maltodecatriose (28) 
Peracetylated- 1-thiol-maltodecatriose (0.9 g, 0.23 mmol) 24 was dissolved in acetonitrile 
(27 mL). While stirring, glycido-oxypropyltriethoxysilane (0.48 g, 2.04 mmol) and 
aqueous 10 mM dibasic potassium phosphate (9 mL) was added to the mixture. After 12 
hours, the organic solvent was concentrated in vacuo. The crude product in aqueous 
solution was inmediately extracted with ethyl acetate (2X, 25 mL). Thc organic solvent 
was dried (Na2S04), filtered and concentrated in vacw  to afford crude 28 (1.1 g, 98% 
yield). 'H-NMR (500 MHz, CDC13): 8 5.10 (dd, 1 H, J = 11.1, 9.9 Hz), 2.20- 1.90 (clustcr 
of OAc), 3.56 (s, OCH3). "c-NMR (126 MHz, CDC13): 8 171.00-169.00 (cluster of 
C=O), 96.50-95.50 (cluster of anomeric CH), 74.00-61.00 (cluster of s, CH), 5 1.10 (2), 
50.75,44.55,23.19,21.20-20.50 (cluster of OCH3), 5.45. 
Figure 1-8: Structures of trimethoxysilyl peracetylated- I-thio-saccharides 
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Results and Discussion 
Char-acterizatiort of 2,3,4,6-tetra-0-acetyl- I -tltiol-glucopyranose and its 
trirnetlzoxysily 1 derivative 
The chemical characterization of the 2,3,4,6-tetra-0-acetyl-I -thiol-glucopyranose (thiol 
Glc) and its trimethoxysilyl derivative (silane thio Glc) was performed using HPLC- 
charged aerosol detector (CAD), circular dichroism (CD), UV, MS, and NMR. These 
glucose derivatives are the simplest ligands prepared in this thesis. They can be used to 
identify some important chemical characteristics of the larger saccharide ligands. Thus, 
extensive NMR experiments were conducted on these sugar derivatives. The two ma-jor 
fingerprints observed clearly from the thiol Glc in the 'H-NMR spectrum are the doublet 
of doublet from the anomeric proton at 4.55 ppm and the doublet from the thiol proton at 
2.25 ppm. In addition, it is clearly observed that there are chemical shift differences once 
the thiol Glc reacted with the epoxy-silane linker. For example, the chemical shift of the 
anomeric proton of the thiol Glc was changed from 4.55 ppm to 5.10 ppm (downfield) 
when trimethoxysilyl thio glucose is prepared. (Figure 1-9 (c)). The 'H-'H COSY 
experiment was another NMR experiment performed. It shows the proton spin-spin 
coupling and connectivity of protons on the thiol Glc and Silane thio Glc. The 2D 
COSY NMR experiments are shown in Figure 1 - 10. 
Figure 1-9: ID 'H-NMR, experiments nionitoring the reaction of glucose derivatives and 
the trimethoxysilyl linker. 
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I Figure 1-10: H-'H correlation, 2D COSY, experin~ents for compounds thiol Glc 4 and 
trirnethoxysilyl derivative 25 
Anomeric proton 
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(a) Varian 500 MHz (d) Bruker 600 MHz (CDC13). 
The chirality of compounds thiol Glc 4 and trimethoxysilyl thio Glc 25 was demonstrated 
by circular dichroism as seem in Figure 1-1 1. Among all the silane thio sugar ligands 
only trimethoxysilyl thio Glc showed a negative signal. The signal changed from a 
positive signal after the achiral epoxy silane linker reacted with the thiol Glc suggesting a 
change in sugar conformation. This phenomenon was not observed with the larger 
ligands, probably due to their increased bulk keeping their conformation intact. 
Figure 1-11: Chiral conformation of the thiol Glc and trimethoxysilyl thio Glc by 
circular dichroism (CD). 
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During the initial synthesis of thiol glucose and brorno rnaltotriose, HPLC with charged 
aerosol detector (CAD) was used to monitor the reactions. CAD is a universal detector, 
which uses an evaporative technique. It involves rneasureinent of charged particles and 
provides responscs independent of chemical structure. UV detection was not suitable due 
to the absence of a chromophore in the starting materials. Figure 1-12 shows an example 
of a chromatographic separation of a spike sample solution. It contains the saccharide 
starting materials and their derivatives. In addition, the molecular weight of the thiol 
glucose and its trimethoxysilyl derivative were determined using HPLC with an 
electrospray ionization mass spectrometry (ESI MS). As it  is observed in Figure 1-13, 
the glucose derivatives form adducts with sodium and ammonium ions. 
Figure 1-12: Chromatographic separation of glucose derivatives by HPLC-charged 
aerosol detector (CAD) 
(Atlantis T3, dC 18 columns, 3.0 X 150 mm, 3 pm). Conditions: flow rate 1.0 mLInlin; 
35 'c; mobile phase (A) 5 mM ammonium formate aqueous, (B) acetonitrile; gradient: 0- 
30 min, 95 +0% A, 5 +loo% B. 
Figure 1-13: HPLC-ESI+-MS for thiol Glc (a) and trirnethoxysilyl thio Glc (b). 
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The rcaclion kinetics for the preparation of the silane thio Glc was demonstrated using 
HPLC-UV. The reaction was conducted at arnbicnt temperature and the details of the 
reaction procedures was previously dcscribcd in this chapter (synthesis section). As 
observed in Figure 1-14 the reaction is complete within 12 hours and i t  never goes to 
100% complction. In fact, a significant increase of by-products are observed after 6 
hours. However, the formation of the silane thio Glc is at its maximum (86%) after 8 
hours. Thus, i t  is recommended to react the thiol Glc with trimethoxysilyl (silane) for at 
least 8 hours. 
Figure 1-14: Reaction kinetics for the synthesis of trimethoxysilyl - 1 -thio-Glc. 
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Characterization of peracetylated-1-thiol-maltotriose and its trintethoxysilyl 
derivative. 
The chemical characterization of the peracetylated-I-thiol-maltotriose (thiol triose) and 
its trimethoxysilyl derivative (silane thio maltotriose) was performed using HPLC, 
circular dichroism (CD), UV, MS, and NMR. The maltotriose derivatives are observed 
to share some important characteristics with the glucose derivatives. For example, as i t  is 
observed in the 2 D COSY experiment, the thiol maltotriose shows an anomeric proton 
correlation at 4.60 ppm with the proton from the thiol group at 2.25 ppm as seem in 
Figure 1-15. A similar proton-proton correlation between the ano~neric proton and the 
proton from the thiol group was observed on the thiol Glc (shown in Figure 1- 10). 
Figure 1-15: 2D COSY, experiments illustrating IH-1H correlation between the 
anomeric proton and the thiol components-Bruker 600 MHz (CDC13) 
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'H-NMR was one of the techniques used to monitor the synthesis of silane thio 
maltotriose. As i t  is observed in Figure 1-16, the doublet from the thiol proton at 2.25 
pprn disappeared after the formation of the silane thio maltotriose. 
Figure 1-16: ID-'H-NMR, experiments monitoring the reaction of thiol triose with the 
silane linker 
(a) Silane thio maltotriose, Varian 500 MHz; (b) Thiol triose, Bnlker 600 MHz (CDC13) 
The chirality of the peracetylated-I-thiol-maltotriose and its intermediates was 
demonstrated by HPLC-circular dichroism (Figure 1-17). Among all the intermediates, 
only the peracetylated maltotriose showed a negative signal. The signal changed from a 
negative to a positive signal after the preparation of the pcracetylated-I-Br-maltotriose. 
It is suspected that the electrostatic environment betwcen thc acetate group of the 
anomeric center and the acetate group of the C-2 in thc peracetylated maltotriose changes 
the orientation of transition dipole moments, which affects the chiral conformation. 
Figure 1-17: Demonstration of chirality of the peracetylated-1-thiol-maltotriose and its 
intermediates by HPLC-CD 
(Atlantis T3, dC18 columns, 3.0 X 150 mm, 3 ym). (a) Pseudothiomaltriose; (b) 
Peracetylated maltotriose; (c) Peracetylated-1-thiol-maltotriose (d) Peracetylated-l-Br- 
maltotriose. Conditions: flow rate 1.0 mL/min; 35 'c; mobile phase (A) 5 mM 
ammonium formate aqueous, (B) acetonitrile; gradient: 0-25 rnin, 80 +0% A, 20 
+loo% B. 
For the verification of the molecular mass of [he thiol maltotriose and the silane thio 
maltotriose, HPLC-ESI MS was conducted. As it is observed in Figure 1-18, the 
maltotriose derivatives form adducts wilh ammonium ions. 
Elemental analyses 
Peracetylated-1-thiol-~naltotriose: Anal. Calcd for C38H52025S: C, 48.51; H, 5.57; S ,  
3.41. Found: C, 48.45; H, 5.55; S ,  3.65. 
Figure 1-18 : HPLC-ESI+-MS for thiol maltotriose (a) and silane thio maltotriose (b). 
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Characterization of peracetylated-1-thiol-sacclzarides and their triineflznxysilyl 
derivatives (analogs rz=7, 8 and 13-glucose units) 
These analogs were characterized by mass spectrometry, NMR and elemental analysis. 
Figure 1-19 shows the 'H-NMR (CDCI3) spectrum using a Bruker 600 MHz system with 
a cryoprobe. As was pointed out with the analogs n=l and 3, the three major fingerprints 
observed clearly for the analogs n=7 and 8 in the 'H-NMR are the doublet of doublet 
from the anomeric proton at 4.60 ppm, the doublet from the thiol proton at 2.25 ppin and 
the acetate groups at 2-2.1 ppm. Next, in order to illustrate the disappearance of the 
proton from the thiol group after the formation of the carbon-sulfur-carbon bonds, 2D 
COSY experiments were performed. Figure 1-20 shows the 'H-'H COSY experiments 
using the analog(s) n=l and n= 13 as reference. 
Peracetylated-1-thiol-maltoheptaose, MALDI MS mlz 21 15.1 (M + Na) +. Anal. Calcd 
for C86H1160s7S: C, 49.33; H, 5.58; S, 1.53. Found: C, 49.21; H, 5.63; S, 1.69. 
Peracetylated-1-thiol-maltooctaose, MALDI MS m/z 2403.4 (M + Na) +. 
PA-1-thiol-maltodecatriose, MALDI MS rnlz 3843.98 (M + Na)'. Anal. Calcd for 
C158H2120105S: C, 49.63; H, 5.59; S, 0.84. Found: C, 49.94; H, 5.6 1; S, 1.00. 
Figure 1-19: 'H-NMR spectra for peracetylateti- 1-thiol-saccharides 
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(a) Peracetylated-1 -thiol-maltoheptaose; (b) Peracetylated- 1-thiol-maltoctaose; (c) 
Peracetylated- 1-thiol-maltodecatriose. Bruker 600 MHz (CDC13). 
I Figure 1-20: H-'H correlation, 2D COSY, glucose and maltodecatriose derivatives 
Silane PA-1 -th io-decatriose kg 
NMR experiments illustrate the disappearance of the proton from the anomeric thiol 
group after ring opening (a) Varian 500 MHz: (b); (c); (d) Bruker 600 MHz. (CDC13). 
C h i d  con forinutioiz of triin etlzoxysily 1 thio succku~ides by circular dichroism 
The chirality of the silane thio saccharides (analogs n=l, 3, 7 and 13 glucose units) were 
demonstrated by HPLC-circular dichroism (CD) (Figure 1-21). Among all the sugar 
trimethoxysilyl derivatives only the signal for silane thio Glc changed from a positive 
signal to a negative signal (Refer to Figure 1-1 1 and Addendum B). The signal changed 
from a positive signal after the achiral GOPTMS reacted with the thiol Glc. This 
phenomenon was not observed with the larger sugars, probably due to their increased 
bulk keeping their conforinations intact. 
Figure 1-21: Demonstration of chirality of silane thio saccharides by HPLC-CD 
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(Atlantis T3 HPLC column). Conditions: flow rate 1.0 mllmin: 35 "c; Mobile phase (A) 
5 mM ammoium formate aqueous, (B) acetonitrile: gradient: 0-25 min, 80+0% A, 20 
+loo% B. 
Conclusions 
A series of thiol saccharides and their trimethoxysilyl derivatives have been 
succcssfully synthesized. The starting materials for these thiol saccharides were glucose, 
~naltotriose, rnaltoheptaose, maltooctaose and rnaltodextrin. The anorneric thiol group on 
the sugar was carefully selected for its nucleophilic properties. Here the thiol saccharides 
were used to react with the epoxy group of the 3-glycidoxypropyl trimcthoxysilane 
(GOPTMS) linker to afford novel silane peracetylated-1-thio-saccharides after the ring 
opening. To the best of our knowledge, the peracetylated-1-thiol-maltodecatriose and the 
trimethoxysilyl saccharides derivatives have not been reported in the literature. The use 
of the trimethoxysilyl linker ensured bonding of the saccharides to the organosilane 
moiety via a robust and hydrolytically stable carbon-sulfur bond. As demonstrated in 
Chapters 2 and 3, the trimethoxysilyl peracetylated-1-thio-saccharides were used as 
ligands for new adsorbents to be used for stereoisomer separations. 
Addendum A (NMR Spectra) 
This supplement provides additional NMR spectra (including "C APT spectra) of the 
saccharide derivatives. In the APT experiment, quaternary carbons (C) and methylene 
(CH2) groups have opposite phase to the methine (CH) and methyl (CH3). Here the APT 
spectra of the derivatized saccharides show quaternary (C) and methylene (CH2) positive 
while CH and CH3 groups give negative signals. 
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Addend~im B (FTIR Spectra) 
This supplement provides additional FTIR spectra and (HPLC) high pressure liquid 
chromatography- circular dichroisrn (CD) spectra of the saccharide derivatives 
HPLC-circular dichroism: Thiol heptaose (14) and its intermediates 
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Chapter 2: Synthesis of chiral mesoporous silicas with saccharide surfaces 
and their use in separation of stereoisomers 
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Abstract 
Novel chiral mesoporous silicas (SBA-15 motif) with chemically bonded 
saccharides (1, 3, and 7 glucose units) were obtained through the co-condensation 
reactions. This one pot synthesis involved the reaction of organosilicon derivatives of the 
saccharides and tetraethyl orthosilicate (TEOS) in the presence of a PI23 surl'actant 
template under mild acidic conditions. The pore order and structure of the materials 
prepared were characterized by TEM and nitrogen adsorption studies. The best quality 
SBA-15 type silica was prepared using glucose and maltotriose derivatives. The 
transmission electron microscopy (TEM) images and nitrogen adsorption isothernls 
indicated that the pore uniformity of SBA- 15 thio glucose and SBA-15 thio maltotriose 
were preserved. However, the SBA-15 maltoheptaose showed disordered pores. The 
disorder might be attributed to the larger size of maltoheptaose. Materials prepared were 
also characterized by elemental analysis, FTIR and TGA (thermogravimetric analysis). 
The application of the saccharide-grafted SBA-15 silicas in the HPLC separations of 
stereoisomers was demonstrated for the first time. 
Introduction 
Since it was discovered that ordered mesoporous silicas M4 1 s , ~ ~ - ~ ~  KIT- 1 , 2 6 ~ ~ ~ -  
1 627 and S B A - I ~ ~ '  could be obtained using a surfactant as a template, scientists became 
very interested in studying these materials. The synthesis of tnesoporous silica with an 
organic functional surface was another advance in this fie~d.~?t was thought then that the 
organic-inorganic hybrid materials could play an important role in many applications 
such as adsorption, ion exchange, and catalysis. In general, there are two approaches to 
prepare mesoporous silica with organic functional surfaces: post-grafting and direct 
synthesis.30 Post-grafting is typically carried out by reacting an organosilane of the type 
(R'O)3 SIR with the free silanol groups of the mesoporous surfaces. The direct synthesis, 
one pot reaction, involves the co-condensation of tetraalkoxysilanes (TEOS or TMOS) 
with terminal trialkoxyorganosilanes in the presence of stmcture-directing agents 
affording materials with organic groups anchored chemically to the pore walls. Thus, this 
one pot reaction provides a high and uniform surface coverage of functional groups. 
Some of the examples of organic functional groups attached to mesoporous materials are 
vinyl," aliphatic hydrocarbon,3' t h i 0 1 , ~ ~ - ~ ~  phenyl,"4" a m i ~ ~ e , ~ " ~ ~  and sulfonic acid 
ligands. 39-40 
In addition, the sol-gel synthesis performed in the presence of chiral media 
enables the preparation of chiral mesoporous silicas4' (CMSs) - the emerging new group 
of materials with prominent applications in stereoselective adsoiption, recognition, and 
catalysis. The preparation of CMSs with chirality present at different length scales have 
been reported through the use of chiral surfactant templates, chiral directing agents, and 
41-34 additives. As with the achiral organic functionalized mesoporous silica stated above, 
the CMSs with chirality embeded in the pore walls can be obtained through the direct co- 
condensation of silica precursors (TEOS) and chiral organosilanes in the presence of the 
appropriate surfactant or polymer templates. The most researched routes utilize CTAB 
surfactant (MCM-41 family) and PI23 polymer (SBA-15 family) yielding the 
organosilica hybrid materials with ordered mesopores, tailored pore size, and diverse 
sur fxe  chemistry. 45-50 
Polysaccharides and their derivatives are very popular chiral selectors due to their 
ability to interact with a wide variety of stereoisomers. In particular, polysaccharide- 
based stationary phases are the most efficient and popular for HPLC s t e r e ~ s e ~ a r a t i o n s . ~ ~  
However, the use of saccharides for the preparation of the CMSs has not been explored. 
Also, the use of CMSs (of any kind) in the HPLC separation of stereoisomers has not 
been demonstrated. In the work presented here, we report: (1) the preparation of ordered 
CMSs functionalized with saccharides containing glucose, maltotriose, and 
maltoheptaose groups, and (2) the direct application these materials in the HPLC 
separations of stereoisomers. The materials prepared demonstrated high stereoselectivity 
in the HPLC separation of anomers and this is reported for the first time to the best of our 
knowledge. The saccharide SBA-15 type materials prepared were thoroughly 
characterized by nitrogen adsorption, TEM, chemical analysis, FTIR, and TGA. 
Experimental 
Materials 
Trimethoxy-silylatcd thio saccharides were prepared in our laboratories (Refer to chapler 
I). Tetraethyl orthosilicate and Pluronic PI23 surfactant were obtained from Sigma 
Aldrich Chemical Company (St. Louis, MO, USA). All other chemicals and solvents 
were of analytical or HPLC grade. 
Synthesis 
The saccharide fiinctionalized SBA-15 silicas were prepared through the co-condensation 
of the trimethoxy-silylated derivatives of peracetylated glucose, maltotriose, and 
maltoheptaose with TEOS. Figure 2-1 represents the structures of the molecules and the 
reaction scheme used. The trimethoxysilylated saccharides were obtained via the 
reaction of the corresponding peracetylated-1 -thiol-saccharides with glycido-oxypropyl 
trimethoxysilane (GOPTMS). The use of the GOPTMS linker ensured bonding of the 
saccharides to the organosilane moiety via a robust and hydrolytically stable carbon- 
sulfur bond. The synthesis of thiol-saccharides and their silylated derivatives was 
described in details in Chapter 1 and it is briefly described below. 
Synthesis of peracetylated-1-thio-saccharides and their triethoxysilyl derivatives 
Each saccharide was peracetylated by using an excess of acetic anhydride and about 10 
equivalents of a hydrogen bromide solution (33% HBr in glacial acidic acid). After 
isolation, the peracetylated saccharide was converted to the anomeric bromide using 
additional 33% hydrogen bromide /glacial acidic (10 equivalent HBr) in methylene 
chloride. Then, an anomeric thiourea salt ("Pseudothiosaccharide") was prepared from 
the glycosylbromide using thiourea in refluxing acetone. The pseudothiosaccharides 
wcre hydrolyzed using aqueous sodium pyrosulfite to afford the desired crude 
peracetylated-1-thio-saccharides that wcre purificd by preparativc clution 
chromatography. Once isolated, peracetylated-I-thio-saccharides were reacted with the 
glycido-oxypropyltrin~ethoxysilane (2 equivalents) in acetonitrile containing aqueous I0 
mM dibasic potassiunl phosphate (3: 1 ratio). The reaction was completed within 10 to 12 
hours. Thc crude products from the reactions were then extracted with ethyl acetate and 
concentrated in vacuo. The structures of the peracetylated-I-thio-saccharides and their 
I trimethoxysilyl derivatives were confirmed by chemical analysis, H- and ' ~ N M R ,  and 
mass-spectrometry. 
Figure 2-1: The reaction scheme used for the preparation of trimethoxysilylated 
saccharides and their co-condensation with TEOS 
Native saccharides PA-1-thiol-saccharides Silane PA-1 -thio-saccharides 
R= OH, 4cO 
AcO 
OAc 0 '1 n= 2 ,6  silicas 
( I )  Acetic anhydride, 33% HBdacetic acid; (2) 33% HBrIacetic acid, CH2CI2; (3) 
acetone, thiourea, reflux (4) Na2S20j/water, reflux; (5) (OMe)3Si(CH2)30CH(0)CH2, 
CH?CN, 10 mM K2HP04 (3: 1) (6) EtOH (7) TEOS, P123, aqueous HC1 (pH=2.8) 
Synthesis of SBA-15 type silicas by co-condensation of TEOS nrzd 
t~~irnetlzo.ysilylpercrcetylated-l-tlzio-saccharides (analogs 1, 3 and 7 Glc units) 
Briefly, the co-condensation of the trin~ethoxysilyl-saccharides with TEOS was carried 
out in presence of Pluronic P123 surfactant under mild acidic conditions to avoid 
hydrolysis of the acetyl protecting groups of the saccharides. Jil a typical synthesis, 
Pluronic P 123 [poly-ethyle~~e-glycol-block-polypropylene-glycol-block-polyethyle~~e- 
glycol (E020P070E020)] (600 mg) was dissolved in deionized water (30 mL) at 40 OC. 
TEOS (3.0 g, 12.7 mmol) was pse-hydrolyzed with aqueous HCI solution (1.5 g, pH=2.8) 
for two hours at 40 'c, then transfered into the P123 solution. After one hour, the 
corresponding trin~ethoxysilyl derivative of the saccharide (previously dissolved in warm 
ethanol) was added to the P123-TEOS solution and stirred for 20 h at 40 'c. It was aged 
in an oven for additional 24 h at 80 'c. The precipitated silica was collected and 
thoughly washed (to remove P123) using the foIIowing sequence of washes : 1) warm 
deionized water; 2) 2N HCI; 3) 2% (wt) HC1 in ethanol; 4) water and 5 )  finally acetone. 
A significant amount of washing was required to remove the Pluronic P123 from the 
silicas: typically, -1 L of each solvent was required for every gram of modified silica 
produced. Finally, the materials prepared were dried at 90 'c. 
Clzaracterization 
Carbon anaIysis was performed with a Perkin Elmer 2400 CHN Analyzer. Elemental 
Analysis was performed by Robertson Microlit Laboratories (Madison, NJ) using the 
ASTM method. The chemical stnictures of the saccharide moieties incorporated in the 
silicas were confirmed by FTIR (PerkinElmer Spectrum One) : -1760 cm-' (C=O stretch 
in acetyl groups); the full spectra are shown in Figure 2-2. The surface area, pore size 
distributions, and pore volumes were done by nitrogen adsorption. The order structures 
of the SBA-15 saccharides were further examined ming transmission electron 
microscopy (TEM). 
Infrared spectroscopy. Infrared spectra were recorded with a Perkin Elmer Spectrum 
One FTIR instrument using a mercury cadmium telluride detector. The spectra were 
obtained using a Harrick Seagull accessory (reflectance mode, 45" angle of incidence, 
128 scans, and resolution 4 cm-I). Figure 2-2 shows an overlay of the spectra for 
glucose-, maltotriose-, and maltoheptaose-modified silicas. Peaks at -2920, 2850 cn i '  
(C-H stretches), and - 1760 cm-' (C=O stretch) were attributed to methyl, methylene, and 
carbonyl groups in the acetylated saccharides. Peaks at -1000-1 100 cm-' were attributed 
to S i -0  stretches from silica matrix. A broad peak at -3200-3300 cm-' was 0 -H  
stretching from the surface water. 
Figure 2-2: Infrared spectra for bare SBA- 15 and SBA- 15 saccharides 
Bare SBA-15 (a) and SBA-15 modified with glucose (b); maltotriose (c); and 
maltoheptaose (d). 
Nitrogen adsorption 
Nitrogen adsorption-desorption isotherms (77K) were measured using an Autosorb-1 
analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The adsorption 
isotherms were measured over a relative pressure plp, range extending from 1 0 ' ~  to 
0.995. Desorption isotherms were measured over a relative pressure range from 0.995 to 
0.2-0.3 respectively. Prior to analysis, the materials were degassed at 60 ^C overnight 
using the out-gassing port of the instrument. A relatively low outgassing temperature 
was chosen to avoid the degradation of the saccharide groups grafted to silica. The 
surface area was calculated via the Brunauer-Emmett-Teller (BET) method in the range 
of relative pressure from 0.06 to 0.20. The cumulative volume of the pores was 
determined as the volun~e of the adsorbed liquid nitrogen at 0.98 plp,. The micropore 
volume was determined using the t-plot method using software provided by the 
instrument's vendor. The pore size distribution (PSD) and average pore diameter was 
calculated with the Barrett-Joyner-Halenda (BJH) algorithm using the adsorption branch 
of the adsorption-desorption hysteresis. It is reconlmended to use the adsorption branch 
to obtain PSD for the SBA-15 silicas due to their small pores and well-ordered network 
of porous materials. 
Thermal gravitnetric analyses (TGA) 
Thermal analyses of the modified silicas were performed in air and in nitrogen using a 
TA Instruments Hi-Res 2950 Thermogravimetric Analyzer using a heating rate of 10 'C 
per min. 
Results and Discussion 
The organic solvents play an important role in the synthesis of the saccharide 
SBA-15 silicas. When acetonitrile was used to dissolve the saccharide, it was noticed 
that saccharide silicas had a very a wide pore size distribution by nitrogen isotherms 
(Addendum C). This was attributed to the acetonitrile solvent used during the co- 
condensation reaction of TEOS with silane saccharides. It was suspected then that the 
acetonitrile solvent inhibited the properties of the structure directing agent, P123. Thus, 
it was decided to use ethanol instead of acetonitrile to dissoIve the saccharide derivatives 
affording a well-order PSD. 
The TEM images of the SBA-15 thio glucose and SBA-15 thio maltotriose 
prepared by co-condensation are presented in Figures 2-3 and 2-4, respectively. Silicas 
prepared showed an ordered structure with a hexagonal pattern of pores similar to that of 
bare" SBA- 15. 
Figure 2-3: TEM images for the glucose-SBA- 15 silica 
Scale bar - 50 nm (left) and 200 nm (right). 

Figure 2-5: N2 adsorption-desorption isotherms of SBA- 15 saccharides 
Nitrogen isotherms (left) and pore-size distribution curves (right) for SBA-15 silicas 
modified with glucose (1); maltotriose (2); and maltoheptaose (3). 
Grafting density of saccharide ligands 
The grafting density was obtained from the results of carbon (%C) and sulfur 
(%S) analysis of the saccharide-silicas as follows: 
MW was the molecular weight of the saccharide-silane group, nc and izs were the 
numbers of carbon or sulfur atoms in the grafted group, SS,02 was the surface area of the 
corresponding silica after the calcination (Table 2- 1). 
The surface concentration (grafting density, p) of the saccharides was estimated 
independently from carbon and sulfur analyses. For glucose-modified silicas, the 
grafting density was -1.6 pnole/m2, which corresponded to -100 A' per molecule 
demonstrating surfaces with close packing of glucose groups. As one can see (Table 2- 
I ) ,  the grafting densities decreased with the increase of the size of the saccharide. The 
sulface coverage (calculated as number of glucose units per nm2), however, did not 
change much and was coinparable for all the saccharide surfaces. We noted that grafting 
densities determined from %C and %S were in close agreement, thus indicating the 
complete removal of the surfactant template from the pores of the silicas prepared. 
Table 2-2 Characteristics of saccharide-modified SBA-15 silicas 
Saccharide I ,  V , ~ O , - ~ ,  
Group rn2/g cm31g 
Glucose 408 0 .5  1 
R,,,,,, % C  % S  Grafting density 
nm sacharide groups, 
C~mole/m2 
In order to evaluate the distribution of saccharides throughout the samplc and 
their role in the formation of [he pore structure, thc silicas were subjected to calcination at 
800 OC. For all the silicas, after the calcinations, the isotherms remained type IV, yet they 
wcre shifted up along the adsorption axis demonstrating an increase in the surfacc area 
and the pore volume (Figure 2-6). The observed changes were attributed to the "pore 
opening" due to removal of the saccharide groups (caused by calcination), which Icd us 
to conclude that the saccharide groups were largely concentrated within the pores. Table 
2-2 shows the pore structure characteristics for saccharide-silicas after calcination. 
Figure 2-6: Overlay of [he N2 adsorption-desorption isotherms of saccharide SBA-15 
silicas and their calcinated materials 
15 25 35 45 55 
Pore radius, A 
(A) Nitrogen adsorption-desorption isotherms (left) and pore-size distribution curves 
(right) for SBA-15 silicas modified with glucose (I) ,  maltotriose (2), and maltoheptaose 
(3) after calcination at 800 'c. (B) Overlay of nitrogen isotherms of each adsorbent and 
its calcinated materials. 
Table 2-2: The pore structure characteristics for saccharide-silicas after calcination 
at 800 "C 
TEM images of the saccharide SBA-15 materials demonstrated uniform, ordered pore 
structures and showed virtually no change as compared to bare SBA-15 type silicas 
(calcinated silicas). This data confirmed a preservation of the pore structure of the 
saccharide SBA- 15 materials. The TEM images for the SBA- 15 saccharide materials 
after calcination are presented in Figure 2-7. 
Figure 2-7: TEM images for the SBA-15 saccharides after calcination 
Glucose-SBA- 15 (left) and maltotriose-SBA- 15 (right) after calcination. Scale bar - 100 
nm (left) and 50 nm (right). 
Thermal properties of the prepared SBA-15 saccharide silicas 
Thermal gravimetric analysis (TGA) determines the change in weight in relation to 
change of temperature. The thermal properties of these matesials were assessed through 
TGA (Thermal Instruments) using temperatures ranging from 25-700 OC, with a heating 
rate of 10 'clmin in the flow of nitrogen (40 cmqmin). The first weight loss feature (-4- 
6% loss) was observed below 100 'C and was attributed to the desorption of weakly 
bound water. The main weight loss (-20-30%) was observed -300-600 OC, which was 
attributed to the degradation of the saccharide groups (Figure 2-8). The derivative TGA 
was also conducted on the SBA-15 saccharides. TMAX (DTGA) is the onset of the weight 
loss and the temperature of the maximum rate of the weight loss. As it is demonstrated in 
Figure 2-9, these materials are very stable up to ThdAS between 358.6 'C to 4 15.1 'C (the 
longer the saccharide the higher their thermal stability). 
Figure 2-8: TGA plots for bare SBA-15 and SBA- 15 modified with saccharides 
Temperature OC 
Figure 2-9: DTGA plots for SBA-15 modified with saccharides 
Temperature 'C 
Column packing 
Separately, the SBA-15 glucose and SBA-15 maltotriose materials were slurried in 
methanol and packed into a 4.6 x 50 mm stainless steel (Phenomenex) liquid 
chromatography column by the conventional method.53 
Instrument and chromatography conditions 
HPLC experiments were performed with an HP Agilent series 1050 series instrument, 
with a DAD detector interfaced to ChemStation software. The flow rate was kept 
between 0.8 to 1.2 mumin.  A combination of n-Hexane and ethanol was used as the 
mobile phase. The column temperature for these chromatographic experiments was 
performed at 35 'c. These two adsorbents were used for the separation of the 
stcreoisomers al(3-tetra-0-acetyl-phenylthio galactopyranoside or alp-methyl 
glucopyranoside. The effect of the surface cornpositions of the thio saccharide silicas on 
the adsorption and separations of all3-tetra-0-acetyl-phenylthio galactopyranoside was 
studied. As seen in Figures 2-10 for a@ tetra-0-acetyl-phenylthio-galactopyranose, the 
retention time is dependent on the surhce composition; the larger the sugar ligand, the 
higher the retention. Both glucose- and maltotriose-SBA-15 adsorbents demonstrated 
very high stereoselectivity on the stated anomeric analytes. The selectivity is slightly 
higher using glucose SBA- 15 than maltotriose-SBA-15 for the alp tetra-0-acetyl- 
phenylthio galactopyranose. 
Figure 2-10: Effect of surface composition of the saccharides-SBA-15 silicas on the 
adsorption and separation of anomeric alp-tetra-0-acetyl-phenylthio galactopyranoside. 
#of glucose units 
1.64 I I 3 I 
0 1 2 3 4 
#of glucose units 
Retention factor (k = t R - to / to) (left) and selectivity (a  = k 2 / k l )  (right). Retention 
factor #I  is a and #2 is p 
As i t  is demonstrated in Figure 2- 1 1, a lack of chromatographic efficiency was also 
obvious. The synthesis of ordered porous material with stereoselective surfaces was the 
main goal of this work; the particle morphology was not controlled during the 
preparation. The silicas prepared were characterized with a broad distribution of particle 
sizes from -0.1 to 20 ym. The size distribution can be improved by the particle size 
fractionation or through variation of the synthesis conditions (subject of future work). 
Figure 2-11: Typical chrornatogra~ns for the separation of alp- tetra-0-acetyl-phenylthio 
galactopyranoside 
, Maltotriose SEA-15 
I \ 
Mobile Phase: n-Hexane: ethanol. (94:6); 0.8 mL/ min; Column temp 35 OC. UV: 254 nm 
Conclusions 
The co-condensation "one-pot synthesis" method has gained much attention over 
the past decade. This is due to its simplicity, shortened preparation times, homogeneous 
distributions of functional groups, open pore volumes, and improved stability. Here 
tetraethyl orthosilicate (TEOS) and silane thio saccharidcs (analogs n=l, 3 and 7 glucose 
units) dissolved in ethanol were co-condensed using Pluronic P123 as a structure 
directing agent (template) under mild acidic conditions. We obtained novel chiral ordered 
mesoporous SBA-15 silicas with saccharide surfaces and high grafting densities. It was 
concluded that most of the saccharide groups were concentrated within the pores. This 
was demonstrated in nitrogen isotherms after the materials were calcinated. Furthermore, 
the co-condensation of TEOS with thio maltoheptaose was not suitable for preparing 
ordered mesoporous silica. It was observed by its nitrogen isotherm that maltoheptaose- 
SBA-15 materials had a wider pore size distribution. This disorder was recognized to the 
effect of the larger sized maltoheptaose moiety. 
In addition, the solvent used to dissolve the silane thio saccharides was critical to 
prepare the saccharide mesoporous well ordered materials. As demonstrated in 
Addendum C, when acetonitrile was used instead of ethanol to dissolve the thio glucose, 
a very disordered mesoporous material was afforded. The materials prepared 
demonstrated high stereoselectivity in the HPLC separation of stereoisomers and this is 
reported for the first time to the best of our knowledge. 
Addendum C (Nitrogen isotherms of glucose -SBA-15) 
This supplement demonstrates the characterization of glucose SBA-15 silica by 
adsorption-desorption isotherms. It is notable that there is a very wide pore size 
distribution (PSD). This is attributed to the acetonitrile solvent used during the co- 
condensation reaction of TEOS with silane thio glucose. It seems that acetonitrile solvent 
inhibits the properties of the structure directing agent, P123 (Figure 2- 12). 
Figure 2-12: Nitrogen isotherms of the glucose-SBA-15 materials prepared using 
acetonitrile instead of ethanol to dissolve the thio glucose. (a) Pore size distribution. 
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Chapter 3: Synthesis and characterization of new adsorbents with 
chemically-bonded 
reverse and normal 
saccharide surfaces for steroisomeric separation in 
phase high performance liquid chromatography 
Abstract 
Polysaccharide derivatives have been extensively used as chromatographic chiral 
selectors in chiral stationary phases (CSPs) for the separation of enantiomers by HPLC. 
There are two methods used to prepare CSPs using polysaccharides: coating and 
immobilization. CSPs prepared by coating the polysaccharide onto silica still represcnt 
the most popular approach. However, these CSPs have limited choices of 
chromatography solvents which limit their applicability. Polysaccharides chemically 
bonded onto silica overcome the disadvantages of the coating approach. 
Here is described a synthesis of new classes of adsorbents with chemically 
bonded trimethoxysilyl-thio saccharides on the surfaces. The trimethoxysilyl-saccharides 
(n=l, 3,7, and 13 glucose units) series were prepared and used as ligands. These ligands 
were irnnlobilized onto silica with a novel, hydrolytically-stable carbon-sulfur bonding. 
This immobilization was conducted with a development of a new synthetic method to 
chemically bind a thio group on the anomeric carbon of the saccharide to silica. Two 
approaches were used to immobilize the saccharides; direct and surface chemical 
assembly. 
In this study, three kinds of silicas were utilized: an inexpensive non-spherical 
porous silica, Aeorosil non porous funled silica and spherical porous Prodigy silica. The 
non-spherical silica was used to study the chemistry of the surface modification. The 
Aeorosil silica was used to characterize the trimethoxysilyl-saccharides on the surface of 
silica by 'H-NMR. The Prodigy silica was used for the final packing and stereoisomeric 
separations. The resulting new adsorbents were characterized by NMR, FTIR, TGA, 
nitrogen isotherms, and elemental analysis. Results indicate that direct immobilization 
is superior to the surface chemical assembly immobilization approach. These new 
adsorbents prepared have been evaluated in the HPLC separations of various 
stereoisomers. A mechanism for the stereoisomeric chron~atography separations oC the 
analytes is proposed. 
Introduction 
Polysaccharides were some of thc first materials used for c h i d  recognition. They 
have many chiral centers and they are relatively inexpcnsive. Their chiral recognition 
abilities were first observed in cellulose paper chromatography when a racemic amino 
acid gave two different spots using I-methyl-(P-phenylisopropy1)-amine as a solvent. 54-55 
This discovery lead scientists to further investigate the use of sugars in enantioselective 
separations, with amylose being the most popular polysaccharide used. It was later 
discovered that polysaccharide derivatives showed very interesting chiral recognition 
properties which lead to their extensive use in enantiomeric ~ e ~ a r a t i o n s . ' ~  
Microcrystalline triacetylcellulose (MCTA) and cellulose tribenzoate (CTB) were 
the first polysaccharide CSPs ~ e ~ o r t e d . ~ ~ . ~ ~  However, these first CPSs showed some 
abnormal physical properties such as poor efficiency and swelling in certain solvents. In 
order to solve these abnormalities, new CSPs based on adsorbing the polysaccharide 
derivatives onto aminopropyl-silica60 were developed. These new CSPs are typically 
prepared by dissolving polysaccharide derivatives in tetrahydrofuran (THF) or in N,N- 
dimethylacetamide (DMA) and reacting them with a phenyl isocyanate or a benzoyl 
choride affording a carbamate or a benzoate. The disadvantage of the coating approach is 
that solvents such as THF or DMA cannot be used as mobile phase because these 
solvents could remove the polysaccharide chiral selector. Thus, these solvents are called 
prohibited  solvent^.^' Though the prohibited solvents cannot be used as the mobile phase, 
they could be very useful to resolve racemic mixtures, especially chiral components that 
cannot be scparatcd by typical normal phase solvents. 
Immobilizing polysaccharides on silica overcomes the limited used of solvents in 
chiral separation. Okamoto et a ~ . " ~ " ~  reported for the first time the inlmobilization of 
polysaccharides (amylose and cellulose) onto modified propyl amino silica. These novel 
CSPs were prepared by the reaction of the amino group on the surface of silica. Then a 
polysaccharide with a diisocynate acting as bond spacer was immobilized onto the amino 
modified silica. When comparing between immobilization with the coating approach, the 
authors noticed a decrease of enantioselectivity values. It was thought then that this issue 
was due to the lack of an ordered arrangement of the polysaccharide derivatives (chiral 
selectors) on the silica gel surface. 
The immobilization of tris (4-vinylbenzoate) cellulose on amino modified silica 
by radical co-polymerization was reported in 1993.~' In this approach, there was no 
spacer used and the amino silica was treated with acryloyl chloride. Then the 
polysaccharide derivative was reacted with the modified silica in the presence of a radical 
initiator. It was observed the CPSs were stable in solvents such as dichloromethane and 
tetrahydrofuran but they showed lower selectivity factors when compared with the coated 
approach. 
All these immobilization approaches utilized modified amino silica for the 
preparation of CSPs with polysaccharides as chiral selectors. As described in Chapter 2, 
we have developed silica with saccharide surfaces by forming carbon-sulfur single bonds. 
Carbohydrates linked to silica in this fashion have not been reported in the literature to 
the best of our knowledge. The preparation of a series of peracetylated-I-thiol- 
saccharides analogs (n=l, 3, 7, and 13 glucose units) were described in Chapter 1. These 
sugars were used as ligands on our new class of adsorbents in which a thiol group links 
peracetylated saccharides to silica through an epoxy-silane linker. Here wc report the 
synthesis of structurally well-defined, saccharide CSPs using two post synthesis 
immobilization approaches: direct and surfacc chemical assembly. 
The direct immobilization approach involved the reaction of the thiol saccharide 
with 3-glycidoxypropyl trimethoxysilane (GOPTMS). The syntheses of these 
trimethoxysilylated saccharides were described in Chapter I .  Then, the methoxy groups 
from the trimethoxysilylated saccharides react with the silanol groups of the silica. On the 
other hand, in the surface chemical approach, the GOPTMS was first reacted with silica. 
Then, this epoxy modified silica reacted with the thiol saccharide. In this study, three 
kinds of silicas were utilized: inexpensive non-spherical porous silica (David), Aeorosil 
non-porous fumed silica and spherical porous Prodigy Phenomenex silica. The Prodigy 
silica was used for the final HPLC stereoisomer separations. 
Experimental 
Materinls 
Davisil silica with average pore diameter (D) of 15 nm, surface arca 300 n?/g. and 
Aerosil non-porous silica, surface area 200 m21g were obtained from Sigma Aldrich 
Chemical Company (St. Louis, MO, USA). Prodigy silica (D: 15 nm), surface area 325 
m2lg was donated from Phenomenex. Stereoisomer analytes (Figure 3-1) were obtained 
from Sigma Aldrich. All other chemicals and solvents were of analytical or HPLC grade. 
Figure 3-1: Structures of stereoisomers used for chromatographic separations. 
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Synthesis of peracetylated-1-thiol-sacclzarides and their silylated derivatives. 
The syntheses of thiol-saccharides and their silylated derivatives were described in detail 
in Chapter 1. 
Synthesis of silica thio glzccose and silica tlzio maltotn'ose via szcrface clzemical 
assembly method 
Briefly, the silica (Davisil or Aerosil) was first activated by reacting it with the 
GOPTMS linker affording an epoxy-activated silica. Then thiol glucose and thiol 
maltotriose were reacted with the epoxy group of the activated silica under mild basic 
conditions to facilitate the ring opening. In a typical synthesis, silica (500 mg) was 
transfered into a scintillation vial and deionized water (20 mL) was added at ambient 
temperature. After the silica was dispersed, GOPTMS (0.5 g, 2.1 mmol) was added. 
After 48 hours, the epoxy activated silica was collected and thoughly washed (to remove 
excess GOPTMS) with deionized water followed by the addition of acetone. The 
material was dried at 60 OC. 
In separate vials, thiol glucose and thiol maltotriose (400 mg) were dissolved in 
acetonitrile (6 mL). The epoxy-activated silica (0.5 g) was transferred into each vial of 
the dissolved saccharide together with 10 mM aqueous dibasic potassium phosphate (2 
mL). The vial was agitated with a mechanical shaker at ambient temperature for 48 hours. 
The crude saccharide silica was collected and thoroughly washed (to remove excess 
thio saccharide and byproducts) with deionized water followed by the addition of 
acetone. The material prepared was dried at 60  'c. The synthetic scheme for the 
preparation of saccharide silica by surface chemical assembly is shown in Figure 3-2. 
Figure 3-2: Surface chemical assembly approach 
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(I) DI water/silica; (11) acetonitrile, 10 1nM K2HP04 in aqueous solution. 
Synthesis of silica tlzio saccharides (analogs n=1, 3, 7, 8 and 13) via direct 
immobilization 
The first step in the direct immobilization approach is the conversion of the thiol 
saccharide to its silylated derivatives. This conversion was describcd in detail in Chapter 
1. Thc peracetylated-1-thiol-saccharides were reacted with the GOPTMS (2-4 
equivalents) in acetonitrile (30 mL) containing aqueous 10 rnM dibasic potassium 
phosphate (3:l ratio). The reaction was completed within 10 to 12 hours. The crude 
products from the reactions were then extracted with ethyl acetate and concentrated in 
vcrcrto affording the trimethoxysilylated thio saccharides. In a typical synthesis, silica 
(500 mg) was transfered into a scintillation vial and warm deionized water (7 mL) was 
added. After the silica was dispersed, trimethoxysilylated thio saccharides (700 mg) 
(previously dissolved in 3 mL acetonitrile) was added. The reaction was conducted at 
60-70 "C for 3-7 days (temperaturelreaction time was dependant on the size of the 
saccharide). After hydrolysis and polycondensation, adsorbents with chemically bonded 
trimethoxysilylated thio saccharides were obtained. Then the modified silicas were 
filtered off and washed succesfully with acetonitrile, distilled water, and acetone to 
remove byproducts and salts and dried at 60 OC for one day. Refer to Figure 3-3 for the 
synthesis of derivatized saccharide silicas. 
Figure 3-3: Synthesis of derivatized sacchaside silica via direct inlmobilization 
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(1) GOPTMS, acetonitrile, 10 mM K2HP04 in water, RT; (2) acetonitrile, HPLC 
waterlsilica, at 60-70 OC. 
Note: The reaction of the trimethoxysilylated thio saccharides with Davisil and Aerosil 
can also be conducted at ambient temperature. However, when the saccharides were 
reacted with the Prodigy silica warm conditions (temperature, 60-70 u ~ )  were needed. 
Characterization 
Elem eiztal a~zalyses 
Carbon analyses were performed with a Perkin Elmer 2400 CHN Analyzer. Elemental 
Analyses was pelformed by Robertson lMicrolit Laboratories (Madison, NJ) using the 
ASTM method. 
Infrared spectroscopy 
Infrared spectra were recorded with a Perkin Elmer Spectrum One FTlR instrument 
using a mercury cadmium telluride detector. The spectra were obtained using a Harrick 
Seagull accessory (reflectance mode, 45" angle of incidence, 128 scans, and resolution 
4 cm-I). 
Nitrogen isotherms 
Nitrogen adsorption-desorption isotherms (77K) were obtained to determine the surface 
characteristics of the porous silica; isotherms were acquired using an Autosorb-1 analyzer 
(Quantachrome Instruments, Boynton Beach, FL, USA). Refer to Chapter 2 for 
parameters used for the nitrogen isotherms experiments. 
Thermal gravimetric analyses 
Thermal analyses of the saccharide silicas after modification was performed in nitrogen 
using a TA Instruments Hi-Res 2950 Thermogravimetric Analyzer using a heating rate of 
10 Oclmin. 
NMR experirn ents 
The 'H-NMR experiments were conducted using a Bruker 600 MHz spectrometer wilh a 
cryoprobe. The use of 
sensitivity of the Aerosi 
the cryoprobe reduced the signal to noise ratio and increased the 
1 saccharide san~ples. 
Results and Discussion 
FT IR Spectra-Silica sacclzarides 
Figure 3-4 shows an overlay of the spectra for glucose- and maltotriose- modified silicas. 
It compares the surface chemical assembly and direct immobilization approaches using 
Davisil silica. Peaks at -2920, 2850 cm-' (C-H stretches), and -1760 cm-' (C=O stretch). 
A broad peak at -3200-3300 cm-' was 0 - H  stretching from the surface water. Peaks 
appeared to be with higher intensities when the direct immobilization approach is used. 
Based on the elemental analyses (Tables 3-1 and 3-2) the higher intensity of the peaks 
was due to higher grafting density when the direct immobilization approach was used. 
Figure 3-5 demonstrates an overlay of the spectra for maltotriose-, and maltoheptaose- 
Aerosil. Peaks have the same pattern as indicated above. Both, maltotriose- and 
maltoheptaose- fumed silica have similar peaks intensities. 
These experiments were done to understand the chemistry of saccharide silica and they 
were not used for chromatographic separations. 
Figure 3-4: FTIR spectra comparing surfzlce chemical assembly and direct 
in~mobilization approaches 
Figure 3-5: FTIR spectra of the Aerosil silica with bonded saccharides prepared by 
direct immobilization 
(A) Aerosil 
h- - (B) ~Mal~o[riose Aerosil 
-" ( C )  ~Maltooctaose Aerosil 
~Modificatio~z of Prodigy silica saccltm-ides 
The modifications of Prodigy trimethoxysilylated thio saccharides were monitored by 
FT-IR. The Prodigy silica saccharides were prcpared following the direct immobilization 
approach. Prodigy silica is a spherical particle shape and it is one of the best for high 
pressure liquid chromatography (HPLC). Figure 3-6 shows an overlay of the spectra for 
glucose-, maltotriose-, maltoheptaose-, and maltodecatriose modified silicas. Peaks at 
-2920, 2850 cm" (C-H stretches), and -1760 cm" (C=O stretch) were attributed to 
methyl, methylene, and carbonyl groups in the acetylated saccharides. Peaks at -1000- 
1100 cm" were attributed to Si-0 stretches from silica matrix. A broad peak at -3200- 
3300 cm-' was 0 - H  stretching from the surface water. A positive peak at 3750 c m l  
(SiO-H stretch) was attributed to the removal of the silanol groups due to reaction with 
saccharide silanes. 
Figure 3-6: Infrared spectra for bare Prodigy and saccharide Prodigy silicas 
'H-NMR experiments (Aerosil silica saccharides) 
'H-NMR was another unique technique used in this thesis to characterize the adsorbents 
with saccharide surfaces. Aerosil silica was used as a solid support and to the best of our 
knowledge, this techique has never been performed before to characterize saccharides 
bonded on silica. Aerosil silica is a non-porous material and ready dispcrsed when 
organic solvent is used. Figure 3-7 shows the 'H-NMR overlay spectra of fumed silica 
saccharides in chloroform-D3. There are three major resonances observed clearly in the 
'H-NMR experiments: two resonances from the protons from the silane linker and the 
resonance observed for the methyl protons from the acetate groups. As observed in the 
trimethoxysilylated thio glucose, the protons from the linker are labeled as 1 and 2 
(Figure 3-7) at 0.50 ppm and 1.55 ppm respectively and protons from the acetate groups 
at - 2.0 ppm. These 'H-NMR experiments lead us to believe that the saccharide had 
some mobility on the silica matrix and this is important for stereoisomer separation. 
Figure 3-7: 'H-NMR spectra of modified saccharide filmed silica 
(a) Silane glucose; (b) silane maltotriose; (c) silane maltooctaose. Brrtker 600 MHz 
( C D W  
Grafting density of silica sacclzarides 
Carbon and sulfur analyses of adsorbents with chemically bonded trimethoxysilylatcd 
thio saccharides were performed by Robertson lMicrolit Laboratories (Madison, NJ). 
Table 3-1 and Table 3-2 compare the grafting density between the surface chemical 
assembly and the direct i~ninobilization approaches to the syntheses of the adsorbents. 
Based on this data, i t  was concluded that direct immobilization was superior to the 
surface chemical assembly approach. Thus the modifications of the Prodigy silicas were 
conducted using the direct immobilization approach. Table 3-3 shows the grafting 
density of the Prodigy saccharide materials used for final column packing and 
stcreoiso~neric hromatographic separations. 
The grafting densities of the derivatized saccharide monolayers were calculated using the 
following formulas.64 
6 x lo5 (96~) 1 
x # of Clc (1) 
= [1200nc - MM7 x (%C) (BET)  
MW is the molecular weight of the saccharide-silane group, 12s and 12c the numbers of 
sulfur or carbon atoms in the grafted group. %C and %S are the weight percent carbon 
and sulfur in these materials and the S (BET) is the nitrogen isotherm surface area of bare 
silica. # of Glc is the number of glucose units bonded onto silica. Equations 1 and 2, then 
provides the surface concentration (grafting density, p) as the number of each silane- 
saccharide silane group repeat glucose unit per 1 nm2 of the silica surface. 
In theory, the grafting density of these adsorbents based on carbon and sulfur 
should be in the same ratio. However, this was not the case. In the surface chemical 
assembly, the grafting density of the carbon is higher than the sulfur. It was suspected 
that some epoxy groups on the surlacc of the silica did not reacted completely with the 
thiol saccharides. In addition, the grafting density of the carbon is slightly higher than 
sulfur in the direct immobilization approach. This is due to utilization of crudc 
tritnethoxysilylated thio saccharides during thc modification of silica. These silane 
saccharides are about 80% pure materials. It was believed then that unreacted GOPTMS 
was also on the surface of the silica. For the Prodigy silica, it was thought that the silane 
byproducts exhibited a negligible effect on the stereoisomeric separations. 
Table 3-1: Elemental and grafting density data of the materials from the surface 
chemical assembly approach 
I 
, Glucose- silica 12.9 2.10 1 .O 1.21 
Table 3-2: Elemental and grafting density data of Aerosil saccharides prepared via 
direct immobilization approach 
r 
1 Glucose silica 1 .04 0.90 1.52 1.11 1 
I Maltotriose silica 8.48 1.1 1 0.50 2.0 1 1.89 ( 
Maltoheptaose 0.74 1.25 0.18 2.25 
silica I 
hlaltooctaose silica 8.23 1.21 0.27 2.16 1.84 - 1  
Table 3-3: Elemental and grafting density data of Prodigy saccharide materials 
From C % From S % 1 
- - - - - - - - - - -  
I Gh~cose silica 1 1 . 14 1.48 1.27 1.23 1.00 I 
/ -~a l totr iose  - 1431 1 2.09 0.75 2.20 1.85 - 
1 silica I r - - 
--. - - - - - - - - - - - - . - - - - - - -- -- - .  - - -I 
Maltoheptaose 1 1.69 2.12 0.33 I .OO 1.83 
silica i I 
, Raltodecatriose 5.6 1 I .08 ,0.08 - .  0.84 0.70' - I 
, silica 
I 
Nitrogen isotlzerms (Prodigy silica saccharides) 
The nitrogen adsorption and desorption isotherms for the adsorbents with chemically 
bonded tri~nethoxysilylated thio saccharides and bare Prodigy silica are shown in Figure 
3-8. The profile of all isotherms in the capillary condensation region is similar to each 
other, indicating minor changcs in thc pore size distribution. Addendum D shows a graph 
of the pore size distribution of the bare prodigy silica and the Prodigy saccharides. The 
total specific pore volume, C constant and specific surface area, decreased after 
modification of Prodigy silica gel. This decrease was more obvious as the size of the 
saccharide group increased (Table 3-4). The decrease of pore volume and surface area are 
thought to be due to the large concentration of saccharides within the pores on the 
modified Prodigy. The Prodigy saccharides show a low increase at low relative pressure 
values. This indicates minimal nitrogen adsorption interactions with a slightly 
hydrophobic surface. In addition, the hysteresis loop for the Prodigy saccharides has 
lower p/p, than the bare Prodigy. This demonstrates that the Prodigy saccharides pore 
sizes are smaller when compared with the bare Prodigy. 
The C constant is measured using the Brunauer-Emmett-Teller (BET) equation. 
The C constant gives important information of the materials surface energy. As it is 
observed in Table 3-4, the C constant from the bare Prodigy silica is very high indicating 
a high surface energy. Once the Prodigy silicas are modified with saccharides the surface 
energy is decreased. This was expected since silica wants to reduce its surface energy 
and the organic saccharide groups have very low surface energies. The C constant can 
also give infornlation regarding the hydrophobicity of materials. A typical C18 
stationary phase has a C constant of about 22." The C constants from the Prodigy 
saccharides were 51-57, which indicates these materials are less hydrophobic than a 
typical C 18 silicas. 
The surface area of these porous materials are determined using BET theory to the 
nitrogen adsorption isotherm." The BET equation measures the amount of nitrogen 
~nolecules taken in the first monolayer and it is n~ultiplied by the area of a nitrogen 
" 2 53 (assumed to be 16.2 A ) molecule occupies on the adsorbent surface. This value is 
divided by the mass of the adsorbent sample. The resulting surface areas are then 
corrected per 1 g of silica based on the weight loss obtained from TGA by the following 
equation: 
S [BET) 
Sc = 
(100 - %W) 
Sc is the corrected surface area per 1 of silica. % W is the percent weight loss of the 
bonded saccharides silica. 
Figure 3-9 demonstrates that as the number of glucose residues increases the surface area 
decreases. This also indicates that the pores in the adsorbents are occupied with the 
derivatized saccharides. 
Table 3-4 Data from the nitrogen isotherm experiments 
1 Hare Prodigy 310 
Glucose silica 275 
Maltotriose silica 26 1 0.6 130 57 
I Maltodecntriose silica 148 0.5 141 53 
Figure 3-8: Nitrogen adsorption isotherms on Prodigy adsorbents with chemically 
bonded saccharides. 
+Prodigy glucose @'( 
-Prodigy maltotriose 
+Prodigy maltoheptaose 
+Bare Prodigy 
Figure 3-9: Surface area of the bare Prodigy and corrected surface areas of the Prodigy 
adsorbents with chemically bonded saccharides 
320 d + Bare Prodigy 
P r o d i g y  glucose 
I 
6. $4 ProdiamaIt~trjose 
X Prodigy rnaltodecatriose 
#of  glucose units 
TGA analyses (Silica saccharides) 
Thermal properties of the prepared silicas were assessed through TGA using a 
temperature range of 25-700 OC, a heating rate of 10 Oc/rnin in a flow of nitrogen (40 
cm3/min). The first weight loss feature (-1-2% loss) was observed below 100 OC and was 
attributed to the desorption of weakly bound water. The main weight loss (-1 1-27%) 
was observed -250-600 'c, and was attributed to the degradation of the saccharide groups 
(Figure 3-10). 
Figure 3-10: Thermal properties of the Prodigy adsorbents with chemically bonded 
saccharides 
Temperature ("C) 
In addition, TGA can give information whcrc thc wcight loss is most apparent. This is 
done by a derivative weight loss curve. It is clearly observed in Figure 3-1 1 that the 
larger the saccharides the higher the temperature in which the weight loss is most 
apparent. 
Figure 3-11: DTGA plots of the Prodigy adsorbents with chemically bonded saccharides 
Temperature ( O C )  
Reaction kinetics of the Prodigy silica glzrcose 
In order to monitor and determine the reaction kinetics for Prodigy silica and the 
trimethoxysilylated saccharide, TGA was used. This reaction was conducted using the 
direct immobilization approach. In a typical experiment, a small portion silica was taken 
out at different times during the reaction (Figurc 3-12). The portion of silica was washed 
with watcr, acetonitrile and acetone and the weight loss was measured by TGA. There 
was only 2 % weight loss between the 9 hour and the 22 hour experiments, which 
indicated that the reaction was going very slowly. Thus, an additional 30% of the 
original concentration of the derivatized glucose was added to the reaction. After 36 
hours, the reaction was again re-measured by TGA and the data indicated a higher 
concentration of the bonded saccharide. After 48 hours, a portion of silica saccharide 
was analyzed once again by TGA and the weight loss indicated completion of the 
reaction. Figure 3-12 demonstrates the reaction kinetics of Prodigy silica with 
trimethoxysilated thio glucose at 60 "C using TGA. 
Figure 3-12: Reaction kinetics for the preparation Prodigy silica saccharides by TGA. 
Colrmrt packing 
Each Prodigy silica saccharide was slurried in methanol and packed into a 4.6 x 100 mm 
stainless steel liquid chromatography column by the conventional method. '" 
Our main goal was just to verify stereoselectivity of new adsorbents under HPLC 
conditions using small size of each adsorbent batch. Thus the packing procedure was not 
optimized and the maximum packing efficiency was not achieved. 
Chromatographic experiments 
Chromatographic separations using well-defined saccharide structures as ligands allowed 
us to explore and give more insight into the separation mechanism between our novel 
adsorbents and stereoisomeric compounds. As reported67-69 in the literature, there are 
many intermolecular interactions between the adsorbing sites of the CSPs and the 
analytes. These inlermolecular interactions are hydrogen bonding, II- n interactions, 
steric effects, and dipole-dipole interactions. It is suspected that these same kind of 
intermolecular interactions drive the stereoisonler separations of our new adsorbents 
(Prodigy saccharides). Figure 3-13 illustrates these possible internlolecular interactions 
using Prodigy maltotriose as example. 
Figure 3-13: Demonstration of potential intermolecular interactions between TFAE 
and Prodigy maltotriose. 
Stereoisomer separations using ~zonnal phase mode 
Normal phase mode was used for stereoisomer chrolnatographic separation of ((SIR)- 
2,2,2-trifluoro- 1 -(9-anthry1)-ethanol (TFAE), u/(l-2,3,4,6-tetra-0-acetyl-phenylthio-D- 
galactopyranose and u/(l-1,2,3,4,6-penta-0-acetyl-D-glucopyranose. For the TFAE, the 
adsorbents with chemically bonded maltotriose gave the best enantiosclectivity. 
Surprisingly, the i-ualtoheptaose and rnaltodccatriose gave almost no selectivity on this 
TFAE chiral analyte. It is suspected that the major chiral recognition was not from the 
asymmetric derivatized saccharides with many chiral binding sites but was from Pirkle- 
type recognition. In Pirkle-type CSPs, the chiral recognition involves dipole-dipole, 
hydrogen bonding, IT-IT and steric  interaction^.^^-^^ 
It appears that these intermolecular interactions involving our saccharide chiral 
selectors and the TFAE played a special role in the chiral discrimination. Furthermore, 
the electron-withdrawing group on TFAE might enhance the enantioselectivity. Figure 3- 
14 shows an example of the TFAE chromatographic chiral stereoselectivity using the 
adsorbent with chemically bonded silane thio maltotriose. 
Figure 3-14: Chromatograms for the adsorbent enantioselectivity of ((SIR)-2,2,2- 
tsifluoro- 1-(9-anthry1)-ethanol using Prodigy silica maltotriose 
(S)-I -(anthracen-9-yl)-2,2,2- 
trifluoroethanol 
(R)-I -(anthracen-9-y1)-2,2,2- 
trifluoroethanol 
Mobile phase: n-Hexane-CHC13-IPA (84: 15: 1); 1 .O mL/ min; column temp 25 OC. UV: 
254 nm. 
In addition, the effect of the surface composition (trin~ethoxysilated thio 
saccharide ligands) on the adsorption and separations of anomeric alp-2,3,4,6-tetra-0- 
acetyl-phenyl thio-D-galactopyranose and alp- 1,2,3,4,6-penta-0-acetyl-D-,olucopyl-anosc 
were studied. As seen in Figure 3-15 for the galactopyranose isomeric mixture, the 
retention timc is dependent on the surface composition; the larger the ligand, the higher 
the retention. However, this trend was not observed on the adsorption with chen~ically 
bonded maltodecatriose. This was probably due to either low grafting density (refer to 
Table 3-3) or the slow mobility of the maltodecatriose due to its bulk in this matrix. 
However, the stereoselectivity of the adsorbent with chemically bonded derivatized 
maltodecatriose was similar or better for both anomeric analytes. Figure 3- 16 and Figure 
3-17 show retention factors and selectivity for alp-2,3,4,6-tetra-0-acetyl-phenylthio-D- 
galactopyranose and alp-1,2,3,4,6-penta-O-acetyl-D-glucopyranose, r spectively. It was 
suspected that hydrogen bonding, .n-n interactions and Van der Waal's forces are the 
stronger chemical interactions on the anomeric separations using these novel adsorbents. 
Table 3-5 summarizes the data obtained for the stereoisomers separation using normal 
phase mode. 
Figure 3-15: Effect of surface composition on the separation of alp-2,3,4,6-tetra-0- 
acetyl-phenylthio galactopyranose 
A*& 
AcO 
SPh 
AcO 
LAC \ 'OAC 
SPh 
a- galactopyranose p- galactopyranose 
(b) 
Adsorbents: (a) Prodigy glucose; (b) Prodigy maltotriose; (c) Prodigy maltoheptaose; (d) 
Prodigy maltodecatriose. Mobile phase: n-Hexane:ethanol (90: 10); 1.0 mL1 min; 
Column temp 30 'c. UV: 254 nm 
Figure 3-16: Effect of surface composition in  the retention factor and selectivity for alp- 
AcO 
AcO % SPh 
a- galactopyranose 
I Prodigy makotriose 
A Prodi~malloheplwse 
AcO -.Sp~ 
OAc 
p- galactopyranose 
Mobile phase: n-Hexane :ethanol (90: 10); 1.0 mL/ min; Column temp 30 'c. UV: 254 
nm. Retention factor (k = t R - to / to )  (left) and selectivity (a = k 2 / k l )  (right). Retention 
factor #1 is a and #2 is p 
Figure 3-17: Elfect of surface con~position on the retention factor and selectivity for 
alp- 1,2,3,4,6- penta-0-ncetyl -D-glucopyranose 
AcO 
AcO% OAc OAc 
a -  glucopyranose 
X Prodigy mallodecabiose 
Z 2 5  
A c O ~ o A c  AcO 
p- glucopyranose 
1 #of  alucose units 
Mobile phase: n-Hexane:ethanol (90:lO); 1.0 mL/ min; Column temp 30 'c. UV: 225 
nm. Retention factor (k = t K - tO/tO) (left) and selectivity ( a  = k 2 /kl)  (right). Retention 
factor #l  is a and #2 is 
'l'ahle 3-5: Summary of stereoisomer separations by normal phase mode 
Stereoisomer Adsorbent Kl K2 a 
"TAE Glucose 4.35 4.69 1.05 
- K1- (S) and K2 (R) Maltotriose 4.4 1 4.84 1.10 
. . 
~cetyl- Glucose 1.60 2.46 1.54 
galactop 
p ~ e ~ y ~ l n i o -  
~yranose Maltotriose 1.98 3.09 1.56 
K1 (a) and K2 (P) Mal toheptaose 2.31 3.52 1.52 
Maltodecatriose 0.79 1.24 1.57 
-rema-u-acetyl- - Glucose 1.22 1.96 1.61 
glucopyranose 
Mal totriose 1.55 2.56 1.61 
K1 (a) and K2 (P) 
Mal tohep taose 1.84 2.87 1.56 
. . 
Maltodecatriose 0.54 0.92 1.65 
.- . - .  - -- - 
" n-Hexane:CHC13:IPA (84: 15: l),  1.0 mL/ min, column temp 25 'c. UV: 254 nm. 
b 
n-Hexane:EtOH (90: lo), 1.0 m U  min, column temp 30 OC.  UV: 254 nm. 
Cl?romatographic results using reverse phase mode 
There are reports in the literature discussing the separation of tmndcis stilbene using 
72-73 derivatized polysaccharide CSPs in only the normal phase mode. Our new adsorbents 
showed stereosclectivity for tmizs/cis stilbene oxide using normal and reversed phase 
modes. In fact, a higher selectivity was observed when the reverse phase mode was 
utilized with our saccharide Prodigy silicas. Thus, in this study, the effect of the 
saccharide surface composition on the adsorption and chromatographic separation of 
tmt~.s/cis stilbene oxide was conducted by reverse phase HPLC. As shown in Figure 13- 
18 and Figure 13-19, increasing the size of the saccharide ligand increased the retention 
timelretention factor of the trcrns/cis stilbene oxide analyte. As in the normal phase mode, 
the adsorbent with the maltodecatriose did not follow this pattern. We speculate that this 
is most likely due to either not enough grafting on the surface or because a saturation 
point is reached and the larger Iigand is not freely mobile. Even though the retention 
factors of the adsorbent with chemically bonded maltodecatriose are lower than with the 
other adsorbents, this ligand has the highest selectivity. Figure 13-17 demonstrates that 
by increasing the size of the saccharide ligand the stereoselectivity for the separation of 
stilbene oxide increases. 
Cis-stilbene oxide Trans-stilbene oxide 
Figure 3-18: Effect of surface composition on the separation of cidtt-ms- stilbene 
oxidc 
Adsorbents: (a) Prodigy glucose; (b) Prodigy maltotriose; (c) Prodigy maltoheptaose; (d) 
Prodigy maltodecatriose. Mobile phase: water: acetonitrile (70:30); 0.8 mW min; 
Column temperature 30 OC. UV: 225 nm 
Figure 3-19: Effect of surface composition in the retention factor and selectivity for 
c is /~r -ms-  stilbene oxide 
#of glucose units 
? Prodigyglucose 
I Prdgymdtatria~ 
-I-Pmd&maltotreptaose 
6.5 
5 - 
; 4.5 - 
#of  glucose units 
6 
5.5 - 
I I X Prodigy maitcdecatriose 
Mobile phase: water: acetonitrile (70:30); 0.8 mL1 min; Column temperature 30 'c. UV: 
225 nm. Retention factor (k = t R - to / to) (left) and selectivity (a = k 2 / k l )  (right). 
Retention factor #1 is Cis and #2 is tlnrzs 
A 
Our new adsorbents exhibited stereoselectivity with several terpenoid compounds such as 
En-citral, nerol and geraniol. EL-citral mixtures were separated on the adsorbents with 
chemically bonded maltoheptaose and maltotriose. Almost no separation was observed 
with derivatized glucose and maltodecatriose. Nerol and geraniol showed acceptable 
selectivity using only the adsorbent with bonded maltoheptaose. Data suggests that the 
major chemical interactions involved in these separations are due to steric effects and n-n 
interactions. Since the maltoheptaose is one of the largest ligands used in this study, 
steric effects and n-n interactions are stronger. Table 3-6 summarizes the data obtained 
for the separation of stereoisomers using reverse phase mode. 
Table 3-6: Summary of stereoisomer separations by reverse phase mode 
l?TzzEw Adsorhe~~f'  .a 1 
1 "citr.1 Maltotriose 4.41 4.84 1.10 1 
K1 (E) 
K2 (Z) 
Maltoheptaose 2.86 3.24 ---- 
Maltoheptaose 4.18 4.44 
I Geraniol (K2)  I /'~tilbenede - Glucose 0.54 0.74 1.37 -1 
Maltotriose 1.21 1.80 1.49 
Maltoheptaose 3.86 
-- 
Maltodecatriose 0.93 1.42 1.53 / 
" Water:acetonitrile (90: lo), flow rate 0.9 mL/ rnin, column temp 45 OC. UV: 220 nm. 
b Water:acetonitrile (95:5), flow rate 0.9 mL/ min, column temp 45 'c. UV: 220 nm. 
' water: acetonitrile (70:30); 0.8 mL/ min; Column temp 30 OC. UV: 225 nm 
Conclusions 
New classes of adsorbents with chemically-bonded trin~ethoxysilyl-thio 
saccharides on their surfaces have been synthesized. The trimethoxy\ilyl-saccharide 
(analogs n=I, 3, 7 and 13 glucose units) series were prepared and used as chiral selectors. 
These ligands were immobilized onto silica via post-synthesis grafting. The post- 
synthesis reaction was conducted using two approaches: direct immobilization and 
surfnce chemical assembly. Results indicate that the direct immobilization method is 
superior to the surface chemical assenlbly approach. The resulting new adsorbents 
were characterized by NMR, FTIR, TGA, nitrogen isotherms, and elemental analyses. 
These new adsorbents have been evaluated in the HPLC separations of various 
stereoisomers. These stationary phases can be used in either normal or reverse phase 
modes because the saccharides were chemically bonded not coated onto silica gel. We 
hypothesize that in the normal phase, hydrogen bonding, n-n, and Van der Waals 
interactions play an important role in the stereoisomeric separations. While in reverse 
phase, it was suspected that steric effects, n-n and hydrogen bonding dominate the 
chemical interactions enhancing the diastereomer separations. The adsorbent with 
chemically-bonded maltodecatriose had the lowest retention factor among all the ligands. 
However, its selectivity was similar or better than the smaller saccharides. 
Addendum D (TGA graph) 
This supplement provides reaction kinetics for the preparation of Prodigy silica glucose 
monitored by TGA 
Addendum E (Chromatogram) 
This supplement provides a typical chromatogram for the stereoisomeric 
separations using Prodigy maltoheptaose stationary phase. 
Mobile phase: Water: acetonitrile (90: 10); 0.9 mllmin; Column temp 45 "C. UV: 220nm 
Chapter 4: The Synthesis of Chiral Silica Materials using Chiral Surfactants 
as Templates 
Introduction 
Since the development of well ordered mesoporous structures with large surface 
74-75 areas, scientists have become very interested in these materials. These mesoporous 
silicas have potential applications in areas such as adsorption, chromatography, catalysis 
and s e n ~ o r s . ~ " ~ ~  Mesoporous silicas have been prepared by using alkaline (M41S 
families) and acidic (SBA types materials)  condition^."^'^ In the M4 1S Furdies, 
mesoporous MCM-41 material was first reported and it has been studied extensively 
since then.74-75Typically, MCM-41 has pore diameters between 2-10 nm with a highly 
ordered 2D hexagonal arrangement of mesoporous silica. In the SBA types, SBA-15 
material has been widely studied. SBA-15 also has a well-ordered structure with a 
hexagonal pattern of pores. 
The mesoporous well-ordered structures are formed by using surfactants as 
templates and tetraethyl orthosilicate TEOS, as an inorganic precursor. Recently, there 
have been many reports in the literature on the synthesis of mesoporous materials using 
85-90 anionic surfactants as templates. The electrostatic attraction interaction between the 
anionic surfactant and the cationic silica surface was reported to be important for the 
synthesis of mesoporous silica. 
Anionic chiral surfactants based on an amino acid as a head group are interesting 
molecules because they could lead to the formation of helical porous materials. Helical 
porous materials are attractive due to their potential application in chiral chromatography 
and stereoselective catalyst reactions. Recently, the formation of chiral mesoporous 
si1icas91-92 using N-myristoyl-DIL-alanine as a templates, TEOS (silica precursor) and N- 
trimethoxysyl-propyl-N,N,N-trimethylamonium (TMAPS) as a co-structure directing 
agent (CSD) were reported. These chiral porous silicas were reported to be left and right 
handed helical particles. It was suggested that the helical porous was directed by the L 
and D alanine chiral surfactants. 
On the other hand, the transformation of a silica structure to a different silica 
material has been deeply studied in the last decade. This phase transformation is called 
9 7 pseudomorph. The main goal of the pseudo~uorphic transformation of silica is to 
change its surface characteristics by treating the material with alkaline conditions and 
high temperature. Under these conditions the silica materials take a structure mimicking 
the added template. These new materials could also be used for applications such as 
chron~atography or catalysis reactions. For example, one reported had successfully 
demonstrated the transformation of a broad pore-diameter and spherical particle silica 
material to a well-ordered spherical MCM-41 mesoporous material.9' Other literatureg4-" 
reported the successful synthesis of MCM-48 mesoporous materials by pseudomorphic 
transformation of MCM-41 parent silica. Since MCM-48 has a highly branched porous 
structure, it could be used for ion chromatography and catalytic reactions. 
In this chapter, the synthesis of novel silica structures by co-condensation and 
pseudomorphic transformation was demonstrated. The co-condensation material was 
prepared by using N-myristoyl-L-alanine (C14-L-Alan) as a template, TEOS (silica 
precursor) and TMAPS (CSD) were used under alkaline conditions. The trimethoxy 
groups of TMAPS covalently bound the silicon atoms of the TEOS to afford cationic 
groups on the silica surface. At the same time, the negative group of the CJ4-L-Alan 
interacted with the positively charged ammonium site resulting in new silica materials 
(C14-L-Alan-silicas). The pseudomorphic transformation was conducted using Prodigy 
and SBA-15 silicas, TMAPS and CI4-L-Alan - template. In addition, the chitosan 
oligosaccharide was used as a chiral ten~plate with SBA-15 silica at pH=9.5 and 10.5. 
The pore order and structure of the materials prepared were characterized by TEM and N2 
adsosption. 
Experimental 
Materials 
Tetraethyl orthosilicate, N-myristoyl chloride, L-Alanine, TMAPS and chitosan 
oligosaccharide were obtained from Sigma Aldrich Chemical Company (St. Louis, MO, 
USA). All other chemicals and solvents were of analytical or HPLC grade. Prodigy 
silica (average diameter: 15 nm), surface area 325 m2/g was donated from Phenomenex. 
SBA- 15 was prepared in our laboratories. 
Synthesis of CI4-L-Alan chiral anionic surfactaizt 
The C14-L-Alan surfactant was prepared by condensation/acetylation of L-Alan with N- 
myristoyl chloride following the procedure reported in the literature." In a typical 
reaction, L-Alan (1.3 g, 14.6 mmol) was dissolved in a mixture of 1 M NaOH aqueous 
(1 1 mL), 10% NaHC03 (1 1 mL) and THF (1 1 mL). N-myristoyl chloride (3.5 g, 14.2 
mmol) was dissolved in THF (20 mL). While stirring in an ice bath (2-5 OC) N- myristoyl 
chloride in THF was added dropwise to the mixture. The reaction mixture was left 
stirring at room temperature for 2-3 hours. The organic solvent was concentrated iiz 
vncuo and the remaining solution (about 27 mL) was acidified with 2 N HCI (20 mL). 
The crude product was extracted with dichloromethane (2X, 40 mL). The organic layer 
was dried (Na2S04), filtered, and concentrated in vacuo to afford crude C14-L-Alan as a 
white solid. The product was further purified by recrystallization frotn benzene affording 
a pure solid C14-L-Alan chiral surfactant (2.3 g, 7.7 mmol, 53% yield). 'H-NMR and "c- 
9 I NMR data were consistent with the literature values reported. The synthetic scheme of 
the preparation of C14-L-Alan surfactant is demonstrated in Figurc 4- 1. 
Figure 4-1: Synthesis of C14-L-Alan ionic chiral surfactant 
(a) 1M NaOHINaHC031THF at 2-5 'c, 2 N HCl, dichloronlethane (b) Recrystallization 
from benzene 
Synthesis of C14-L-Ala~z-~esoporozis sil ca 
Briefly, this chiral nlesoporous silica was prepared by co-condensation of TEOS with 
TMAPS and CI4-L-Alan surfactant as a template under alkaline conditions. In a typical 
synthesis, C14-L-Alan (0.13 g, 0.43 rnmol) was dissolved in water ( I4  mL). A mixture of 
TEOS (0.6 g, 2.9 mmol), TMAPS (90 mg, 50% mcthanol), 0.1 M NaOH (430 pL) and 
0. I M HC1 (370 pL) (to partially neutralized the salt) was added to the template. The 
mixture was allowcd to react at 33 'C with stirring for about 7 minutes and placed on the 
bench for 2 hours at room temperature. Then, the mesoporous material was cured at 80 
'C for 17 hours. The product was recovered by centrifugal separation and dried 
overninght at 60 OC. All the organic moities were removed by calcination at 600 OC for 12 
hours. The calcinated silica was labeled as CI4-L-Alan-MS. 
Pseudomorphic transforination: Prodigy Silica- C14-&Alan surfactant 
The surface characteristic of silica was changed by treating the materials at a variety of 
high temperatures and aging under alkaline conditions. 
Series A (4X reactions): Separately, C14-L-Alan surfactant (0.36 g. 2.0 mmol) was 
dissolved in 0.2 M NaOH (10 mL) and in 1 M HCI (200 ILL) at 35 *C for one hour (clear 
solution is observed). Prodigy silica (0.4 g) was added to the template and placed on the 
bench for 20 hours at room temperature. Then, the reaction mixture was cured at a 
variety of temperatures (90 'c, 110 OC and 125 'c) for 1 day. The product was recovered 
by centrifugal separation and dried overninght at 60 'c. All the organic moities were 
removed by calcination at 600 OC for 12 hours. The calcinated materials were label as 
C1l-L-Alan- Prodigy. 
Series B (2X reactions): Separately, CI~-L-Alan surhctant (0.36 g, 2.0 mmol) was 
dissolved in 0.2 M NaOH (10 mL) and in 1 M HCI (200 pL) at 35 OC for one hour (clear 
solution is observed). Prodigy silica (0.4 g) and TMAPS (0.2 g, 50% methanol) was 
added to the template and placed on the bench for 20 hours at room temperature. Then, 
the reaction mixture was cured at 125 OC for 1 and 3 days. The product was recovered by 
centrifugal separation and dried overnight at 60 'c. All the organic moities were 
removed by calcination at 600 'C for 12 hours. The calcinated samples were labeled as 
C14-L-Alan- Prodigy- 2 
Pseudornorplzic transformation: SBA-15 Silica chiral ionic surfactant 
The pseudomorphic transformation of SBA-15 was conducted using a variety of high 
temperatures, aging and chiral surfactants under alkaline conditions. 
Series A (3X reactions): Separately, C14-L-Alan surfactant (0.36 g. 2.0 mmol) was 
dissolved in 0.2 M NaOH (10 mL) and in 1 M HCl (200 pL) at 35 'C for one hour (clear 
solution is observed). SBA-15 silica (0.4 g) and TMAPS (0.2 g, 50% methanol) was 
added to the template and placed on the bench for 20 hours at room temperature. Then, 
the reaction mixture was cured at 125 "C for a variety of days (1, 2 and 3 days). The 
product was recovered by centrifugal separation and dried overnight at 60 "c. All the 
organic moities were removed by calcination at 600 OC for 12 hours. The calcinated 
samples were labeled as C14-L-Alan-SBA-15. 
Series B (3X reactions): Separately, C14-L-Alan surfactant (0.18 g, 1.0 mmol) was 
dissolved in 0.2 M NaOH (5 mL) at 35 OC for one hour (clear solution is observed). 
SBA-15 silica (0.2 g) and TMAPS (0.1 g, 50% methanol) was added to the template. 
The reaction was adusted to a pH of 9.8, 10.8 or 11.8 and each reaction was placed on 
the bench for 20 hours at room ternpcrature. The reaction mixture was cured at 80 'C for 
14 hours. The product was recovered by centrifugal separation and dried overnight at 60 
"c. All the organic moities were removed by calcination at 600 OC for 12 hours. The 
calcinated samples were labeled as CI4-L-Alan-SBA- 15-2. 
Series C (2X reactions): Individually, CI4-L-arginine (0.32 g, 0.8 nmol)  or Clo-L- 
arginine (0.34 g, 0.8 mmol) surfactant was dissolved in 0.2 M NaOH (10 mL) at 35 "C for 
one hour (clear solution is observed). SBA-15 silica (0.4 g) was added to the template 
and placed on the bench for 3 hours at room temperature. Then, the reaction mixture was 
placed in an oven at 75 "C for 17 hours. The product was recovered by centrifugal 
separation and dried overnight at 60 OC. All the organic rnoities were removed by 
calcination at 600 'C for 12 hours. The calcinated samples were labeled as Clc-L-Arg- 
SBA- 15 and C16-L-Arg-SBA- 15. 
Series D (2X reactions): Individually, chitosan oligosaccharide (0.4 g, - 0.08 mmol) 
was dissolved in 0.1 N HCl (5 mL) at 30 'C for one hour (clear solution is observed). 
SBA-15 silica (0.4 g) was added to the template and adjuted to pH=9.5 and pH=10.5 with 
1 N NaOH. The reaction mixture was placed under static conditions at 30 OC for 20 hours 
and cured at 80  OC for 8 hours. The product was recovered by centrifugal separation and 
dried overnight at 60 'c. All thc organic moities were removed by calcination at 600 'C 
for 12 hours. The calcinated samples were labeled as chitosan-SBA-15. 
Characterization 
Nitrogen isotlzerms 
Nitrogen adsorption-desorption isotherms (77K) were obtained to determine the surface 
characteristics of silica; isotherms were acquired using an Autosorb-1 analyzer 
(Quantachrorne Instruments, Boynton Beach, FL, USA). Refer to Chapter 2 for the 
nitrogen isotherms parameters. Prior to analysis, the materials were degassed at 100 "C 
overnight using the out-gassing port of the instrument. 
NMR experiments 
The 'H-NMR experiments were conducted using a Bruker 500 MHz NMR spectrometer. 
Results and Discussion 
NMR experiments: Synthesis of C14-L-Alatz chiral anionic surfactant 
I H-NMR (500 MHz, CDC13) was one of the techniques used to monitor the synthesis of 
CI4-L-Alan. Figure 4-2a demonstrates the 'H-NMR spectrum of the crude C14-L-Alan 
su~factant (before recrystallization). As can be observed in Figure 4-2a, the tetradecanoic 
acid byproduct is very significant in this batch. It is suspected that the N-myristoyl 
chloride is hydrolyzed during the reaction with alanine producing the tetradecanoic acid 
byproduct. The amount of the byproduct was estimated to be around 60%. This 
estimation was done by cornparing the integration ratio between the product at 2.24 ppm 
(2H, t, -CH2-COO) and byproduct at 2.36 ppm (2H, t, -CH2-COO). Figure 4-2b 
demonstrates a significant increase of the product and subsequent decrease of the 
byproduct after recrystallization. 
Figure 4-2: 'H-NMR experiment for the synthesis of C ,4-Alan 
NH OH 
H H 
C - L -  1 tctradccanoic acid 2 
Product ' 1  / -! 
60% 40% 5% ' 95% ', 
J 1 . 1 1  2 \ 1' : Product 
(a) Crude C ,4-L-Alan (b) C 14-L-Alan after recrystallization from benzene, Varian 500 
MHz (CDCI3). 
Characterization of CIrL-Alan-MS by TEM 
Figure 4-3 shows the transmission electron nlicroscope (TEM) image of the calcinated 
C14-L-Alan-MS. This material shows an ordered porous str~~cture in some regions and 
the particle was surrounded by channel with different orientations. Disordered pores 
were also present in other regions. It is suspected that this different orientation blocks of 
the inner pore system might be the caused for the low surface area and pore volume 
(Figure 4-4, and Table 4- 1). 
Figure 4-3: TEM image of CI4-L-Alan-MS 
Nitrogen isotherms of C14-LAlaiz-MS 
The C14-L-Alan-MS was further characterized by nitrogen adsorption-desorption 
isotherms (Figure 4-4). The isotherms were type IV isotherms with a capillary 
condensation hysteresis at -0.5-0.95 pip, indicating mesopomus n~aterials.~') The 
isotherm shows an uptake at -0.37 pip, and another uptake starting at 0.9 pipS This 
nitrogen isotherm suggested present of small pores with mean pore radius of - 1.8 nm 
and some large pores or voids. Tablc 4-1 shows the surface area and pore volume of the 
material C14-L-Alan-MS. 
Figure 4-4: Nitrogen isotherm of C14-L-Alan-MS 
--- 7 
+Nitrogen isotherm for C14-1-Alan-MS 
Nitrogen isotlzerms of C14- L-A larz-Prodigy (Series A) 
The goal here was to transform Prodigy silica to a chiral mesoporous structure. Figure 4- 
5 shows the nitrogen isotherms of the CI4-L-Alan-Prodigy (Series A) silica materials. All 
the materials had type IV isotherms with capillary condensation hysteresis at -0.8-0.95 
plps. A broad pore size distribution is observed for all the materials (treated and parent 
silicas). The pore size of the treated silicas increases: Higher temperature, the larger 
pores. In addition, the treated materials show a noticeable decrease of surface area and 
pore volume as the temperature increases. Based on the nitrogen isotherms data, it is 
unclear whether we are be able to conclude that the parent Prodigy silica was transformed 
to chiral mesoporous materials with these conditions. 
Figure 4-5: Nitrogen isotherm of C14-L-Alan-Prodigy and its parent silica 
1 - -.Parent Prodigy /I-r : 
, - 
Nitrogen isotherm of C14- L-A lniz- Prodigy2 (Series B) 
The C14-L-Alan-Prodigy2 materials were synthesized to sludy the elfect of TMAPS in the 
pseudomosphic transformation process. All the materials had type IV isotherms with 
capillary condensation hysteresis at -0.8-0.95 plps as C14-L-Alan-Prodigy materials. 
Figure 4-6 (a) compares the nitrogen isotherms of two materials that were treated with 
and without TMAPS at 125 OC for 1 day. Data suggests that in the presence of TMAPS 
the parent silica is more stable than without TMAPS. The material treated with TMAPS 
for one day at 125 'C does not show significant differences in surface asea and pore 
volurne when conlpared with the parent silica. Figure 4-6 (b) compares two of the C14-L- 
Alan-Prodigy2 materials (TMPS for I and 3 days at 125 OC). Aging at 125 "C for longer 
times did not have a major impact on the subjected Prodigy silica (Figure 4-6 (b)). Table 
4-1 shows the surface areas and pore volumes of all the Prodigy treated materials 
Table 4-1 Nz isotherm data  of the C14-L-Alan-MS and  Prodigy silicas 
I Parent Prodigy 3 10 1.2 154 I 
Prodigy at 90•‹C-ID 226 
Prodigy at 110•‹C-ID 130 1.1 340 
------ 
Prodigy a t  125•‹C-ID 100 0.4 1 40-1 
Prodigy a t  12S•‹C-1D 215 0.9 174 1 
( (TMA PS) 1 
Prodigy a t  125•‹C-3D 0.7 
(TMAPS) 
-- - 
13 1 
Figure 4-6: Nitrogen isotherm of C14-L-Alan-Prodigy2 and its parent silica 
(a) C14-L-Alan-Prodigy/ CI4-L-Alan-Prodigy2: I day at 125 'C without and with TMAPS 
(b) C14-L-Alan-Prodigy2 For 1 and 3 days at 125 OC with TMPAS. 
Characterization of C14-L-Alan-SBA-15 and C14-LAlan-SBA-15 C14-LArg- 
SBA-15 by TEM 
TEM was performed on all the subjected SBA-15 materials. The TEM images for all 
these materials prepared with a variety of chiral surfactants, temperatures and high pH 
conditions formed fiber-type structures with the pore structure resembling that of parent 
SBA-15 silica. In summary, based on the morphology, i t  appears that those fibers are 
broken into smaller parts from the original SBA-15 with these conditions. In addition, 
the type of surfactant (C14-Alan, C14-Arg and C16-Arg) does not affect the outcome of the 
reaction. Within the range studied, time and temperature of treatment do not appear to 
play an important role when SBA-15 was used as the parent silica. However, the chiral 
surfactants seem to be important, as without them no changes were observed. Figure 4-7 
shows typical TEM images using C14-L-Alan-SBA-15 treated for 3 days (4-7 (a)) and 
CJ4-L-Arg-SBA- 15 (4-7 (c)). 
Figure 4-7: TEM images C14-L-chiral surfactants-SBA-15 and their parent silica 
(a) CI~-L-Alan-SBA- 15-3 days at 125 'C (b) Parent SBA- 15 silica 
(c) CI~-L-Arg-SBA- 15-8 hours at 80 OC 
Nitrogen isotherms of C14-L-A lait-SBA- 15 (Series A, 30 )  
The structure of C14-L-Alan-SBA-15 (3 days at 125 "c) was further characterized by 
nitrogen adsorption-desorption isotherms (Figure 4-8). The isotherms were type IV 
isotherms. There was a noticeable change in the structure of the treated material versus 
the parent SBA-15 silica (Figure 4-8). The treated mesoporous silica showed an increase 
of porc diameter and pore volume, yet the surface area decreased. It is interesting to 
observe that thc C14-L-Alan-SBA-15 nlaterial had transformed into a similar nitrogen 
isotherm shape as the spherical Prodigy silica. Figure 4-9 demonstrates the nitrogen 
isotherms of the C14-L-Alan-SBA-15 and a parent Prodigy silica, 
Figure 4-8: Nitrogen isotherms of C 14-L-Alan-SBA- 15 and its parent silica 
Figure 4-9: Nitrogen isotherms of C14-L-Alan-SBA-15 and Prodigy silicas 
Nitrogen isotlzerins of Chitosarz-SBA-15 
Figure 4-10 shows the nitrogen isotherm of the chitosan-SBA-15 (pH=9.5) and its parent 
SBA-15 silica. The surface area and the pore volume of the chitosan-SBA-15 silica 
demonstrated substantial decreases but the isotherms remained type IV. The capillary 
condensation hysteresis for both materials were quite different The pore size distribution 
(PSD) curves were symmetrical and narrow showing uniform pores with mean radii of 
-3.3, for parent SBA-15 while for Chitosan-SBA-15 broad pore size distribution was 
observed. The transformation using chitosan as a chiral template and SBA-15 as the 
parent silica was obvious. However, this material still needs to be characterized by TEM 
to further evaluate the ordered porous structure. Also the role of pH on the 
transformation needs to be investigated. This is subject to future work. Table 4-2 
summarizes the nitrogen isotherm data of all the treated SBA-15 silica materials. 
Figure 4-10: Nitrogen isotherms of Chitosan-SBA-15 and its parent silica 
Table 4-2 Nitrogen isotherms of SBA-15 treated materials 
Chitosan-SBA-15-8 hours 190 I- 
Conclusions 
Unique chiral mesoporous silicas were successl'ully synthesized by co- 
condensation and pseudomorphic transformation methodologies with telnplatcd chiral 
surfactants. 1n this report, TEOS was co-condensed with TMAPS as a co-structure 
directing agent affording silica modified with quaternized amino site surfaces and 
telnplated with the chiral anionic L-alanine (C14-L-Alan). The negative charge of the 
chiral template (C14-L-Alan) is believed to interact with the positive quaternized amino, 
contributing to the formation of unique silicas with helical porous structures. The 
pseudomorphic transforrnation methodology was studied in this rcport as well. Spherical 
Prodigy and SBA-15 silicas (parent silicas) and C14-L-Alan and chitosan (porous 
directing templates) were used in the pseudomorphic transformation. It was 
demonstrated by the nitrogen isotherm technique that the C14-L-Alan template did not 
have a significant effect on the formation of mesoporous silica when Prodigy silica was 
treated with alkaline and high temperature conditions. Under the same conditions, SBA- 
15 silica was transformed to a different mesoporous structure. TEM images on the subjcct 
SBA-15 materials show interesting fiber-type structures. It appears by TEM that the 
chiral surfactants play an important role when used with SBA-15 silica, as without them 
no changes were observed. 
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